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General Introduction
General outline
This thesis is part of a project entitled ‘Balancing welfare and production 
in (cat-)fish’ (programme: value of animal welfare; project number: 
827.09.040). African catfish (Clarias gariepinus) is the third most produced 
fish-species in Dutch aquaculture 1. In this thesis I present and discuss my 
research and data on welfare of the African catfish. Worldwide the growing 
aquaculture sector performs a major role in food security. Sustainability 
is an important concept to secure the growth of this sector. It ensures that 
the production of animal protein is as human, animal and environmentally 
friendly as possible, and prevents long-term exhaustion of natural 
resources and overtaxing the adaptive capacity of animals. From an 
animal’s perspective welfare is important, but good animal welfare should 
also be in the farmer’s interest. There is a willingness amongst consumers 
in Europe to pay a higher price for more animal-friendly produced farmed 
fish products 2. A good balance between animal welfare and production is 
important to create an economically viable and sustainable sector. In the 
subsequent paragraphs the following topics will be addressed: the biology 
of the African catfish, aquaculture, sustainability and animal welfare, and 
finally the aims and outline of this thesis. 
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Biology of the African catfish
The order Siluriformes (catfishes) consists of a large number of species 
which can be found at many different places across the globe: from Asia 
to the Americas and from Africa to Europe. The main study subject of this 
thesis is the African catfish (Clarias gariepinus; Figure 1.1), which belongs to 
the family of the air-breathing catfishes (Clariidae) and to the genus Clarias. 
Clarias gariepinus is known by several names, e.g. sharp-tooth catfish, 
North African catfish, Burchell catfish, Clarias lazera, Clarias senegalensis, 
Clarias mossambicus and Clarias capensis 3. In this thesis it will be referred 
to as African catfish or Clarias gariepinus. 
The African catfish is a scale-less fresh water fish. However, it is very 
tolerant to high salt concentrations and can be found for instance in the lower 
reaches of estuaries. The African catfish tolerates water with high turbidity 
and due to the possibility of air-breathing, it can tolerate very low oxygen 
concentrations in the water. Air-breathing of these fish is brought about by 
two arborescent organs, which are an extension of the second and fourth gill 
arches 4. 
The African catfish is a benthophage, i.e. bottom region feeding fish. The 
African catfish is omnivorous with a high variation in its diet, i.e. ranging from 
fruits and seeds to all kinds of small aquatic organisms, including plankton/
nekton. The African catfish shows both scavenger and predatory behaviour 5 
and with maturation the fish becomes more piscivorous 6. Both pack-hunting 
as well as solitary ambush predatory behaviour has been described for these 
fish 5. The African catfish has small eyes, wide mouth and four pairs of long 
barbells to help find its prey (Figure 1.1). With ampullary, electroreceptive 
organs in its skin, the African catfish locates low frequency bioelectric fields 
emitted by prey fish 7,8. It is a nocturnal species, i.e. it is active during the dark 
Figure 1.1: Representation of the African catfish (Clarias gariepinus). 
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phase and rests during the light phase of the day 5,9,10. Due to the retention 
of air in the suprabranchial chambers juvenile fish rest in a vertical position 
between feeding periods 5. The African catfish is a fast growing fish that can 
reach a maximum length of 170 cm and a weight of 60 kg after 15 years 11. Its 
fast growth and sturdiness are the main reasons for its use in aquaculture.
Aquaculture
General
The United Nations Food and Agriculture Organisation (FAO) defines 
aquaculture as: ‘The farming of aquatic organisms, including fish, molluscs, 
crustaceans and aquatic plants. Farming implies some form of intervention 
in the rearing process to enhance production, such as regular stocking, 
feeding, protection from predators, etc. Farming also implies individual or 
corporate ownership of the stock being cultivated. For statistical purposes, 
aquatic organisms which are harvested by an individual or corporate 
body which has owned them throughout their rearing period contribute to 
aquaculture, while aquatic organisms which are exploitable by the public 
as a common property resources, with or without appropriate licences, 
are the harvest of fisheries’ 12. Finfish are cultured for multiple reasons, 
i.e. ornamental fish trade, repopulation of wild stocks, for recreational and 
commercial fisheries, for research purposes, to be used as pest control, and 
as food for human consumption. In this thesis, I only consider aquaculture 
related to food-production. Several types of systems and technologies are 
used for the production of food fish: ponds, land-based intensive flow-
through systems, cage farming and recirculation aquaculture systems (RAS). 
The worldwide production of food fish in aquaculture comprised 66.6 
million tonnes in 2012. The term ‘food fish’, as used by FAO, includes 
finfishes, crustaceans, molluscs, amphibians, freshwater turtles and other 
aquatic animals (such as sea cucumbers, sea urchins, sea squirts and edible 
jellyfish) produced for the intended use as food for human consumption 13. 
According to the latest available statistics collected globally by FAO, farmed 
finfish attained 44.2 million tons in 2012 13. This production volume refers to 
a range of 8.8 - 147 billion farmed finfish slaughtered in 2012 (with an average 
weight of 5 - 0.3 kg, respectively). Worldwide, the production of farmed food 
fish expanded at an average annual rate of 6.2% in the period 2000 - 2012 13. 
In Europe, the industry achieved average annual growth rates of 2.9% in the 
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period 2000 - 2012 13. The annual worldwide growth rates show the potential 
for aquaculture to supply the future demand in animal protein to feed the 
world’s population. 
The Dutch aquaculture sector has declined the past five years, from more 
than 9,700 tons in 2007 to a production ranging from 4,000 - 4,500 tons 
of fish in 2014 1. Nowadays the production consists mainly of European 
eel (2,300 tons), African catfish (500 tons), a hybrid of African and Vundu 
catfish (1,000 - 1,500 tons), pike-perch (100 tons) and turbot (50 tons) (Van 
de Vis pers. comm.). Therefore with an annual European fish production of 
1.7 million tons fish, The Netherlands is a small player on the European fish 
market.
Worldwide production of African catfish in 2012 was 181,600 tons. 
Especially in Africa the production of this species is increasing rapidly 14. With 
3,700 tons annually the African catfish is the main cultured catfish-species 
in Europe and is predominantly produced by Hungary (1,852 tons in 2012), 
The Netherlands (500 tons; see above), and Poland (400 tons). In 2014 there 
were approximately 5 African catfish producers in The Netherlands (Van de 
Vis, pers. comm.). The lion’s share (60% - 70%) of catfish produced in The 
Netherlands is exported for consumption to Germany, Belgium and France. 
In The Netherlands, African catfish is produced indoors in RAS. 
 
Recirculating aquculture systems 
In the aquaculture sector fish are often cultured in aquaculture systems 
like cages suspended in the sea or rivers, in ponds or in raceways, but the lack 
of available space for growth, limits to fresh water availability and concerns 
about pollution inhibit expansion of these systems 15. Land-based farming 
systems or RAS are seen as a good solution and opportunity to further 
increase the yield of the aquaculture sector and answer future demands 
for fish protein. They are considered to be high-tech methods or advanced 
technology-biology interaction systems that require (and allow) continuous 
monitoring 16. As conditions can be controlled, RAS offers the farmer 
complete control over the fish culture process. Furthermore they are among 
the most environmentally sustainable systems to culture fish due to reduced 
water use and moderate release of nutrients and nitrogenous waste into the 
environment 17.
Recirculating aquaculture systems are mainly used in The Netherlands 
and Denmark 18. However, their use in countries such as Norway and Canada 
16
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is increasing. The system consists of a large tank attached to several physical, 
chemical and biological filters to remove pollutants from the water. Solid 
waste is removed by mechanical filtration. The remainder of the fish’s waste 
products is removed by bio-filtration. During biological filtration bacteria 
convert potential toxic compounds into less harmful or non-toxic substances. 
After removal of pollutants, most of the water is reused. Recirculation 
aquaculture systems were initially developed to facilitate intensive fish 
farming in areas where fresh water was limited. By reusing water these 
systems can recycle up to 90% to 99% of the water used 15. 
Stocking densities in RAS can be (and often are) much higher than in flow-
through systems 19, making it more feasible for the farmer to be financially 
competitive. However, RAS has also limitations such as relatively high capital 
and operation costs as well as potential accumulation of chemicals, minerals, 
hazardous feed components and metabolites 18,20, e.g. accumulation of 
excreted pheromones and cortisol.   
Recirculating aquaculture systems and catfish 
The different phases of the African catfish production chain are shown in 
Figure 1.2. In The Netherlands every step in this culture process, from larvae 
till marketable fish, is done in RAS. The process chain starts at a hatchery, 
where gametes are produced from adult fish and eggs subsequently fertilised. 
Larvae are grown till they reach the fingerling stage (about 8 to 10 gram) 
and are subsequently transferred within one company or transported (in The 
Netherlands by road) to a fish farm where they are reared till a marketable 
slaughter weight of 1.5 kg is reached. It takes about 3 - 4 months to grow 
catfish from 10 gram fingerlings to 1.5 kg 21. In The Netherlands, most African 
catfish are transported by road, by commercial haulers, to processors where 
the fish are slaughtered and subsequently processed. 
In aquaculture, housing conditions are primed to optimize production. 
The optimal temperature for growth of African catfish is between 25 °C and 
30 °C 22. This is similar to conditions normally used by farmers. As previously 
mentioned, the African catfish is a nocturnal animal and many farmers 
choose low light intensity conditions during the culture process to reduce 
aggression. Even during daytime, low light conditions are often maintained 
leading to the absence of a normal day-night cycle 23. Daily activity of these 
fish is affected by the day-night cycle and light intensity. Especially continuous 
light (24 hours) resulted in more aggressive behaviour 24. The onset of light 
synchronises many biological processes that are regulated by the circadian 
17
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Transport Transport Transport
Hatchery Fish farm Slaughterhouse Market
Hatchery Fish farm Slaughterhouse
Figure 1.2: Different phases of the Dutch catfish culture process. The hatchery, fish farm 
and slaughterhouse can be either run by separate corporations or integrated into a single 
farm. Egg production is facilitated by a hatchery where large volumes of fertilized eggs are 
hatched and the larvae are grown till they are fingerlings. Fingerlings are transported from 
the hatchery to the fish farm where they are cultured till marketable size fish (1.5 kg). In The 
Netherlands, fish of marketable size are often transported to a specialized slaughterhouse 
where fish are stunned and slaughtered. The final product (fillets) is marketed in several 
countries to, e.g. supermarkets, restaurants and consumers.
rhythm 25. For example, feeding experiments in carp showed that fish have 
preferred feeding moments which are often linked to the onset of light, and 
that voluntary feeding results in faster growth 26. African catfish in Dutch 
aquaculture are fed multiple times per day during the daytime, so farmers 
observe their behaviour during feeding and possible squander of feed by them. 
Fish densities used in RAS are often much higher compared to cages or 
raceways 19. In The Netherlands, African catfish is often cultured under high 
stocking densities, sometimes as high as 400 to 500 kg/m3, but normally 
between 250 to 350 kg/m3 27. However, studies show contradictory results 
regarding stocking densities for African catfish. A positive effect of low 
density on growth was found by Haylor 28,29, Hengsawat and colleagues 30, 
Hossain and colleagues 31, Kaiser and colleagues 32, whom all showed higher 
growth rates under lower densities. These studies focused on fry (larvae) 
of the African catfish. Several studies with more mature fish failed to show 
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correlations between growth rate and density 27,33,34. However, Van de 
Nieuwegiessen reported more stress-induced aggression at higher densities 
19. Hecht and Uys 35, showed that fish grew faster under higher densities 36. 
Higher stocking densities and high feed load result in more excreted 
nitrogenous waste products and with poor filtration capacity this waste may 
impact water quality. The excretion of nitrogenous waste products is directly 
linked to the nitrogen content in the feed 37. Ambient nitrogenous waste 
products can become toxic for fish at higher concentrations. Even before 
reaching hazardous concentrations for fish, high levels of nitrogenous waste 
products can potentially act as chronic stressor. African catfish is a robust 
species that tolerates high levels of nitrogenous compounds like, ammonia, 
nitrate and nitrite 38-40. In RAS nitrogenous waste can reach hazardous levels 
for fish when the biofilter capacity is insufficient or managed incorrectly 41. 
The main excreted nitrogenous waste product, of most fish, is ammonia/
ammonium, which is predominantly excreted via the gills 42. The toxicity of 
ammonium for fish depends on the ratio between NH3 and NH4
+ in water. 
This ratio is influenced by pH, temperature, ionic strength and pressure. 
Particularly the unionized molecule (NH3) is toxic to fish 
43-46. 
Behaviour is also influenced by density. For instance, higher swimming 
activity of African catfish, due to higher density, may lead to more aggression 
24. One of the major problems with African catfish culture is their aggressive 
behaviour 19,47. Aggressive behaviour may lead to skin lesions, making the 
fish more susceptible to pathogens and diseases, as well as to cannibalistic 
behaviour by others, compromising the welfare of the fish. In addition, 
aggressive acts cost a lot of energy, which otherwise could be used for growth 
35, leading to a higher feed conversion ratio, i.e. more feed is needed to 
produce the same amount of fish. 
Sustainability and animal welfare
General
With 354 fish-species cultured in 2012 13 this encompasses a huge diversity 
in, e.g. physical and behavioural needs 48. The requirements of different fish-
species for optimal housing conditions, and hence optimal production and 
welfare, are as diverse as those of farm animals; for example, compare the 
physical and behavioural needs of horses to those of cows. Specific knowledge 
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tailored to the demands of species under aquaculture is, apart from a few 
species, still limited. 
With the global decline of various wild fish populations and the stagnating 
supply of wild-caught fish, the aquaculture sector has the potential to meet 
the growing demand for fish protein. However, fish are often fed with a diet 
that is high in fish oil and fish protein derived from wild caught fish, thereby 
depleting the wild fish populations even further. Feeding fish a more plant oil 
and plant protein based diet may be be a good alternative to reduce the impact 
of the aquaculture on wild fish populations. With the increasing number and 
size of fish farms, fish welfare is gaining the public’s attention with questions 
related to the sustainability of aquaculture. Sustainable aquaculture is a 
priority of the European Union 49; noteworthy, animal welfare is an element 
of sustainability 50. Intensive aquaculture is a relatively new field in which 
rearing conditions for species have often not been optimised. Therefore, 
improvements in fish welfare are often the result of an effort to increase 
production 51. Perception of fish welfare is growing in the European Union, 
which is reflected in the EU animal welfare strategy 52. 
 
Fish welfare
Fish welfare is still a hotly debated subject 53-59. For instance, it is still 
debated whether fish have the capacities to suffer or experience pain and 
stress 54,56,60-64, although progress is clearly made in this field 60,61,65,66. While 
animal welfare is defined in different ways 67-71, key to all definitions is that 
poor welfare is associated with overtaxing the coping capacity of animals, 
i.e. allostatic overload 72. Successive or cumulative exposure to stressors 
may compromise the allostatic capacity of an animal and lead to allostatic 
overload and poor welfare 68,71. Allostatic overload results from chronic stress 
and leads to pathologies and mortality 73. This overload can be studied in 
fish-species by measuring parameters related to stress-axis and immune-
system functioning 53,74,75. Indeed, several papers have highlighted ways of 
measuring welfare in fish-species 48,53,75-77, for instance by measuring growth, 
immune status, nutritional status, gill ventilation heart rate, latency to feed, 
feed consumption, social contact and exploratory behaviour.
A stressor is commonly defined as an intrinsic or extrinsic stimulus 
that threatens or disturbs the dynamic equilibrium of an animal, called 
homeostasis or allostatic state 74. Fish farming encompasses several potential 
stressors, e.g. crowding, sudden temperature changes, sorting, handling, 
transport 53,78-83 and pathogens 84. As indicated above, stressors may lead to 
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decreased welfare, health problems and mortality 85,86, when they overtax the 
adaptive capacity of the animal. 
Allostasis, allostatic load and the stress-axis
Acclimation to challenges requires energy expenditure by an organism, for 
example changes in fatty acids, amino acids and minerals, and is guided by 
allostasis 68,72. Allostasis is the process by which physiological and behavioural 
responses occur in an organism due to challenges in its environment, i.e. 
stability of an organism’s fitness through changes of its homeostatic set 
points 87. According to McEwen and Wingfield 72 the allostatic state refers to 
altered and sustained activity levels of primary mediators (glucocorticoids, 
the autonomic nervous system, central nervous system neurotransmitters, 
inflammatory cytokines), which integrate physiology and associated 
behaviours in response to dynamic environments and challenges, i.e. stability 
through change, and is an indication of the adaptive capacity of an animal. 
Allostasis involves mechanisms that change the controlled physiological 
variable, e.g. available glucose, by predicting what level will be needed to 
meet anticipated demand. An animal’s mental state and physiological state 
play an important role in the process of allostasis 68. For instance, a ‘positive’ 
mental state can potentially increase the adaptive capacity or resilience to 
stressors.
The primary response to a stressful event or challenge consists of activation 
of the sympathetic-adrenal-medullary system with the rapid production of 
catecholamines, and with the hypothalamus-pituitary-adrenal-axis (HPA-
axis; HPI (interrenal) -axis in fish) with the slow release of corticosteroids 
88. These systems have an important role in allostasis by mobilizing and 
redirecting energy to tissues and organs, during and after stressful events. 
These two master systems can be considered as integrated communication 
systems aimed to coordinate and synchronize the peripheral physiology at 
the level of cells, tissues and organs in interaction with the environment. 
Secondary responses to stress comprise hormonal changes 74,89, changes in 
metabolism 74,89, blood ions and haematology 90 to adjust to the challenging 
situation.
When a stressor is perceived by a fish, stress signals are integrated in 
pallial areas of the brain and activate neuroendocrine cells in the nucleus 
preopticus in the hypothalamus. These cells release corticotropin-releasing 
hormone (CRH) to the pars distalis of the pituitary, where CRH stimulates 
the production and release of adrenocorticotropic hormone (ACTH). In 
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fish the end product of the HPI-axis is cortisol, which is secreted into the 
bloodstream under ACTH stimulation, by steroid producing cells in the 
interrenal tissue of the headkidney (Figure 1.3). 
Cortisol is one of the main regulators/mediators of allostasis in fish as it 
influences both mineralocorticoid receptor mediated responses (regulation 
of hydromineral balance) and glucocorticoid receptor mediated responses, 
Figure 1.3: Schematic representation of hypothalamus-pituitary-interrenal-axis (HPI-
axis). Cells in the nucleus preopticus of the hypothalamus project directly and release 
corticotropin-releasing hormone (CRH) to the pars distalis of the pituitary, where it 
stimulates the production and release of adrenocorticotropic hormone (ACTH). The end 
product of the HPI-axis is cortisol, which is secreted into the bloodstream following ACTH 
stimulation, by the steroid producing cells in the interrenal tissue (headkidney). Cortisol is a 
main regulator of allostasis in fish as it influences both mineralocorticoid receptor mediated 
responses (regulation of hydromineral balance) and glucocorticoid receptor mediated 
responses, such as energy metabolism, the immune system, and the reproductive system.
which are related to energy metabolism, the immune system, and the 
reproductive system 68,74. When fish cannot cope with stressors, as neither 
physiological nor behavioural strategies suffice or are adequate to deal with 
the challenge, chronic stress develops 73,74 leading to a state of allostatic 
overload, i.e. energy expenditure exceeds currently available energy, and, 
for instance, behavioural abnormalities like over-anxiety and hypervigilance 
may develop 68,72. Chronic stress can lead to mal-adaptation of the stress 
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system and decreased growth, reproduction, resistance to pathogens as 
well as can result in abnormal behaviour, e.g. stereotypies and depressive 
behaviour 74,91. Chronic stress in aquaculture settings can arise from long-
term exposure to too high stocking densities, deteriorated water quality, e.g. 
high ammonia, nitrite, nitrate concentrations in the water, too high or too 
low pH, low oxygen levels, supersaturation of nitrogen and/or oxygen, high 
carbon dioxide levels, unnatural day-night cycles, unnatural feeding regimes, 
vibrations and loud noises 78,92. Several studies have shown that basal release 
of cortisol from interrenal tissue obtained from (chronically) stressed fish 
is higher than from unstressed fish 93-98. Stressors included daily stressors 
related to normal aquaculture practices, like high stocking density 99 or 
confinement 100. However, baseline cortisol analysis at a single time-point 
cannot (always) provide sufficient information about welfare. It is important 
to assess whether the fish is coping with stressors or not 79. Measuring cortisol 
levels at multiple moments after the induction of a stressor over a longer 
period in time is required, and may indicate the coping capacity of the fish.
Stress in African catfish can result in aggression, leading to wounds in 
conspecifics and increased mortality 31,33,101 while growth decreases 34 and 
feed conversion ratio increases 27. This redirection of energy can influence 
the allostatic load imposed by additional acute stressors. Therefore, recovery 
from an acute stressor on top of the normal or experimental husbandry 
conditions 73 is indicative of an animal’s allostatic state under those husbandry 
conditions. However, in catfish this has only scarcely been studied 82. This 
method may be a promising way to assess allostatic state and will, among 
other subjects, be studied in this thesis.
To increase the resilience of animals several possibilities exist. One way is 
to change the emotional state of the animal to a more general positive state 
beforehand by, e.g. conditioning, such that a stressor is perceived as less 
threatening 68,102,103. Another way is to change the acute emotional or physiological 
impact of stressors, for instance by using substances. For instance, Pro-Tex® can 
be applied during certain aquaculture procedures considered highly stressful, 
such as transport or smoltification, to mitigate the negative effects, such as 
mortality 104. Pro-Tex® is a cactus extract that pre-activates the cellular stress 
response by upregulation of heat-shock proteins (HSP). A common aspect of 
HSP-inducing-stressors is that they result in damage to proteins, i.e. proteins 
having non-native conformations 105. Heat-shock proteins function as chaperones 
and are of vital importance in the regulation of normal protein synthesis 104 
and protect against damage or facilitate early repair of damaged proteins 
during cellular stress 106. Heat-shock proteins are induced by a wide variety of 
environmental and metabolic stressors, including thermal challenge, hypoxia, 
exposure to heavy metals and localised trauma, and in a wide variety of tissues. 
A pre-upregulation of HSP with a HSP- inducing compound could potentially 
decrease cellular damage of stressors and thereby decrease the energy required 
to repair this damage, i.e. decrease the allostatic load. 
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Aims and outline of this thesis
The aims of this thesis were to increase knowledge on welfare of African 
catfish (Clarias gariepinus) in aquaculture, to study tools to assess welfare 
and to study ways of increasing resilience to stressors. In chapter 2 the 
effects of density, enrichment and day- or night-feeding on growth, feed 
conversion ratio, basal stress physiology in African catfish were studied. The 
effect of these conditions on the adaptive capacity of these fish was assessed 
by analyses of the time necessary to recover from an (acute) air-exposure 
stressor. Chapter 3 displays the effects of a chronic stressor, high ammonia 
(and copper) levels in the water, on growth, stress physiology and recovery 
from air-exposure. In chapter 4 the impact of a commercial road transport 
of African catfish on stress physiology was studied. The fish were transported 
by a hauler and returned to the fish farm where allostatic load was studied. 
The results of a similar study in eel are presented in chapter 5. The most 
cultured fish in The Netherlands, the European eel, was transported and the 
adaptive capacity was assessed by use of the recovery period. The data of 
this chapter show that identical stressors can have a different physiological 
impact on different fish-species. In chapter 6 the potential of Pro-Tex®, a 
supposed heat-shock protein inducer, to mitigate the negative effects of stress, 
for example resulting from transport, was studied in three different fish-
species (Danio rerio, Cyprinus carpio, Seriola lalandi). Chapter 7 presents 
a ‘diagnostic tool’ that uses the adaptive capacity of fish as an indication of 
fish welfare. A database was created with studies that analysed the recovery 
of African catfish from a standardised stressor under normal husbandry 
conditions. These data were used to create the Catfish Recovery (CaRe) tool, 
which reflects the allostatic load of a standardised stressor under ‘good’ 
husbandry conditons. The performance of the tool to detect ‘poor’ husbandry 
conditions was subsequently assessed. In the general discussion, chapter 8, 
the results of the research chapters are summarised and discussed for their 
contribution to RAS-based aquaculture.

Chapter 2
Effects of density, pvc-tubes and feeding-
time on growth, stress and aggression in 
African catfish
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Accepted for publication in:
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Effects of density, enrichment and feeding-time
Abstract
Successive exposure to aquaculture-related stressors may compromise 
the allostatic capacity of African catfish and lead to allostatic overload and 
poor welfare. Therefore, we tested the effects of (1) feeding during the light 
or dark phase, (2) density (51 fish per 140 l versus 51 fish per 43 l) and (3) 
altered available resting space/shelter on stress handling in African catfish 
(Clarias gariepinus). Available resting space/shelter was manipulated by 
providing pvc-tubes in the tanks. Growth, baseline stress load (cortisol 
and osmolality), metabolism (glucose, lactate and non-esterified fatty 
acids) and aggression (measured by skin scar incidence) were assessed. 
Upon completion of the experimental period, we determined the adaptive 
capacity of the fish by the response to air-exposure. We show that night-
feeding enhances growth and lowers feed conversion ratio compared to 
day-feeding. No effects of density were found for baseline stress hormones, 
basal metabolism or aggression. Low density seems to stimulate aggressive 
behaviour after air-exposure. Unexpectedly, providing pvc-tubes under 
high-density conditions increased aggression, raised baseline cortisol levels 
and decreased basal metabolism as well as growth; also the endocrine 
response to air-exposure was stronger. We argue that these effects relate 
to a reduction in available space, i.e. a further increase in density, or to 
an increased competition for shelter. Overall, our data suggest that night-
feeding optimizes growth and that care should be taken in using objects as 
shelter/enrichment for African catfish.
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Introduction
The growing human population increasingly demands food, e.g. protein. 
One of the growing sources for protein is fish. The quantity of fish caught in the 
wild has stabilised over the past years 107. In contrast, the aquaculture sector 
is fast growing 107,108 and expected to do so till 2025 109. In 2012, the sector 
provided 47% of the world’s fish consumption 107. The impact of increasing 
numbers and volume of fish farms on the environment and welfare of fish in 
aquaculture causes public concern 110,111-113. Sustainable aquaculture is a focus 
point of the European Union 49; noteworthy, animal welfare is an element of 
sustainability 50.
Animal welfare is defined in different ways 67-71. Key to all definitions is 
that poor welfare is associated with overtaxing the coping capacity of animals 
72 (allostatic overload). Allostatic overload results from chronic stress and 
leads to pathologies and mortality 73. Successive or cumulative exposure to 
stressors may compromise the allostatic capacity of an animal and lead to 
allostatic overload and poor welfare 68,71.
Aquaculture practices involve potentially harmful stressors and 
accumulation of stressors, e.g. crowding, sudden temperature changes, 
sorting, handling, transport 53,78,80-82 and pathogens 84. In fish, stressors may 
also lead to decreased welfare, health problems and mortality 85,86, when 
they overtax the adaptive capacity of the animal. Stress responses in fish 
comprise hormonal changes 74,89, changes in metabolism 74,89, blood ions and 
haematology 90 to adjust to the challenging situation. Energy expenditure to 
maintain allostasis (allostatic load) is (fish) species-specific 72 and depends 
on allostatic history. When stressors overtax the system, valuable energy 
is diverted away from crucial processes and systems such as the immune 
system, reproduction and growth 74.
In Africa, African catfish (Clarias gariepinus) production is on the rise. 
The global production was approximately 191,000 tonnes in 2010 107. In The 
Netherlands, 1,400 tonnes of African catfish and 1,600 tonnes of Claresse® 
catfish (hybrid of Clarias gariepinus and Heterobranchus longifilus) were 
produced in 2012 (H.W. van de Vis, pers. comm.). The production of both 
catfish-species equalled that of European eel in 2012 in The Netherlands 114.
The African catfish is nocturnal 5,9,10, i.e. active during the dark phase and 
resting during the light phase of the day. Thus, the feeding moment during the 
day needs consideration in relation to growth efficiency, as shown before for 
several fish-species 10,26,115-119. Juveniles and young catfish have a preference 
for shallow waters with many shelter possibilities 5,120 to escape predators 
or larger conspecifics. When African catfish are stressed, aggression leads 
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to wounds in conspecifics and mortality increase 31,33,101, while growth 34 
decreases and feed conversion ratio (FCR) increases 27. Almazán-Rueda and 
collegues 24 showed that high stocking density results in less resting, increased 
air-breathing (African catfish use facultative air-breathing through branchial 
arboreal structures 9) and overall increased swimming activity. Experiments 
with African catfish have shown the negative effects of high stocking density 
on growth, aggression and survival 24,28,29,32-35,101,121. Also photoperiod aspects 
affect these parameters 24,101,122. As indicated above, chronic stress consumes 
energy normally used for other processes (growth, reproduction and 
responses of the immune system 74). This redirection of energy can influence 
the allostatic load of an additional acute stressor. Therefore, recovery from an 
acute stressor on top of the normal or experimental husbandry conditions 73 
is indicative of an animal’s allostatic state under these husbandry conditions. 
However, in catfish this has only been scarcely studied 82.
In our study, we investigated the effect of husbandry conditions (tuned 
to the needs of African catfish or not) on stress-related parameters. Housing 
and feeding conditions were based on the following hypotheses: (1) catfish 
normally feed during their active phase, i.e. during the dark, and therefore 
the growth of fish will be higher when fed during the night than during the 
day, (2) a higher density may be stressful, and therefore a high density will 
compromise growth and welfare compared to a low density and (3) pvc-tubes 
in the tank could provide shelter and avoid aggression as well as increase 
resting space, and thereby mitigating the adverse effects of high density. Fish 
raised under those conditions were challenged by air-exposure; recovery from 
this challenge reflects their adaptive capacity. Parameters measured were: 
growth, FCR, plasma cortisol, metabolism (glucose 123, lactate, non-esterified 
fatty acids (NEFA) 124), osmolality 125,126 and an indicator of aggression 127,128, 
i.e. the number of scars on the skin of fish 24.
Materials and methods
Fish husbandry
African catfish (Clarias gariepinus; weight range 8 - 10 g; Fleuren & 
Nooijen, Someren, The Netherlands; n = 306) were randomly assigned to six 
140 l glass aquaria and acclimatised for 4 weeks prior to the experiment. The 
six aquaria were part of one, biofiltered recirculation system (total system 
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volume 2,500 l). Water quality was continuously monitored: temperature 
24.5 ± 0.90 °C, pH 7.64 ± 0.21, O2 6.0 ± 0.76 mg/l, NO2
--N 0.088 ± 0.149 mg/l, 
NO3
--N 17 ± 7.2 mg/l, TAN 129 0.30 ± 0.36 mg/l. Fish were fed three times 
daily (20 g per 51 fish per feeding event) with commercial pellets (Skretting, 
Boxmeer, The Netherlands; Me-3 Meerval start; composition 49% protein, 
11% fat, 1.8% fibre, 9.5% ashes, 2% calcium, 0.7% sodium, 1.3% phosphor) 
during acclimation and housed under a circadian rhythm (12:12 hours 
light-dark cycle, lights on: 06:30 o’clock). Four fish escaped from the High 
Density and Tubes group whom received Day-Feeding (DF HD + T) and were 
excluded from the experiment. The amount of feed given was adjusted to the 
number of remaining fish (47 fish).
Experimental setup
These experiments were conducted within the Dutch Law (Wet op de 
Dierproeven, 1996) and European regulations (Directive 86/609/EEC). Fish 
(weight range 40 - 60 g) were randomly assigned to 6 different tanks. Each 
tank contained 51 fish. To assess whether the average weights of fish were 
similar across tanks, 10 randomly sampled fish of each tank were weighed 
and subsequently tanks were prepared to meet experimental procedures 
(Figure 2.1). No differences in average starting weight were observed between 
tanks (overall average weight of fish (± standard deviation, s.d.): 49.7 ± 11.2 g 
(n = 60); Kruskal-Wallis test: P = 0.0981).
After weighing, the Low Density group (LD) was left undisturbed in its 
original tank with a large bottom surface (90 × 50 cm) and a density of 51 fish 
per 140 l. The High Density group (HD) was realised by inserting a movable 
fenestrated metal plate in the tank, increasing the number of fish from 51 
per 140 l to 51 per 43 l. Densities used were based on earlier literature: van 
de Nieuwegiessen and colleagues 27 used a range of 500 - 3,000 fish/m3 with 
a starting weight of 5 - 30 kg/m3 (fingerlings of 10 g) and 45 - 269 kg/m3 at 
the end at the experiment (average final weight of 89.8 g). We used as low 
density 364 fish/m3 with a starting weight of 17 kg/m3 (weight range 40 - 60 g 
per fish) and as high density 1,200 fish/m3 with a starting weight of 53 kg/
m3. The relatively small bottom surface (21 × 50 cm) could impose stress. A 
group of fish at high density was given 2 pvc-tubes (Ø 8 cm, length 20 cm) 
which potentially provided shelter and additional resting space (bottom 
surface: 21 × 50 cm).
Three groups were fed during the light period, the resting phase of the 
African catfish (DF: Day-Feeding; feeding-time; 9:00, 13:00 and 17:00 
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Figure 2.1: Schematic representation of the experimental setup. Fifty-one fish per aquarium 
were acclimatised for 28 days before entering the experiment. Six different setups were used; 
LD: low density, HD: high density, HD + T: high density and tubes, either in combination 
with day feeding or night feeding. After 60 days the fish were air-exposed for 15 minutes as 
additional stressor. Four different sample points (written in bold) were selected: before air-
exposure, directly after air-exposure, 30 minutes after air-exposure and 60 minutes after 
air-exposure. Nine fish were taken from each group at every sample point (written in bold).
o’clock). Another three groups were fed during the dark phase, the active 
phase, at similar intervals as the daytime fed group (NF: Night-Feeding; 
feeding-time; 20:30, 01:00 and 05:00 o’clock). Night-feeding was done by 
automated feeders (Fish Feeder Pro, Velda, The Netherlands). Day- and 
night-fed groups received equal quantities (20.2 g).
The catfish were in the experiment for 60 days until sampling. In the first 
49 days, three meals (60.6 g total) were provided every 24 hours. In the last 
11 days, the number of meals was changed as fish had increased in size and 
it appeared from the feeding behaviour of fish that the original three meals 
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were not sufficient anymore. Therefore in all tanks, 4 meals (80.8 g total) 
were provided in 24 hours instead of 3 meals (DF: Day-Feeding; feeding-
time; 9:00, 13:00, 17:00 and 18:00 o’clock; NF: Night-Feeding; feeding-
time; 20:30, 01:00, 05:00 and 06:00 o’clock). In addition, in the high-
density tanks, the volume was changed from 43 to 61.5 l to prevent potential 
cannibalism due to overcrowding.
To assess the mean growth per tank, the final weights of fish per tank 
were normalised to the average start weight of fish per tank (total weight 
of fish/number of fish per tank). Mean growth per tank: (individual final 
weight of fish per tank - average start weight of fish per tank). Specific growth 
rate expressed as a percentage, was calculated by subtracting the natural 
logarithm of the mean starting weight from the natural logarithm of the 
mean final weight and dividing this by the number of experimental days 27. 
Feed conversion ratio per tank was calculated from the feed given divided by 
the total fish weight at the end minus total weight at the beginning 27.
Air-exposure
Nine fish were taken randomly to determine basal levels of stress-related 
parameters. Remaining fish (42 fish per group) were air-exposed and confined 
for 15 minutes in a black plastic tub (Ø 80 cm). For every group, nine fish were 
sampled directly after the stressor. The remaining 33 fish were divided into 2 
groups of 16 fish each (1 fish was returned to the stock of the laboratory) and 
allowed to recover from the stressor in separate aquaria (length 50 cm, width 
50 cm, height 30 cm) for either 30 or 60 minutes. At 30 and 60 minutes 
recovery, 9 fish were randomly sampled from the aquaria. The remaining fish 
(n = 7 fish per time-point) were returned to the stock tank.
Sampling
Fish were anaesthetised in 0.2% (w/v) 2-phenoxyethanol. Once 
anaesthetised, fish were removed from the water, weights noted, blood was 
drawn, scars counted and subsequently they were sacrificed by transecting 
the spinal cord behind the skull. Blood was drawn using tuberculin syringes 
rinsed with 2% EDTA. Blood (1 ml) was collected in 1.5 ml Eppendorf tubes 
and immediately placed on ice. Following centrifugation (18,000g, 4 °C, 
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10 minutes), plasma was separated from blood cells and frozen at -20 °C until 
use. At each of the sampling moments, fish were checked for scars according to 
Manuel and colleagues 82. The number of scars (including lesions on fins and 
barbels) was derived from 2 separate counts per fish performed by 2 persons. 
Both new/recent (bloody) and old (scar tissue) lesions were included.
Plasma analyses
Cortisol was measured as previously described by Gorissen and colleagues 
130. In short, 96-well microtitre plates were coated with mouse cortisol 
antibodies in coating buffer. Plates were cleared of coating buffer and washed 
with wash buffer before blocking a-specific binding sites. To wells cleared of 
blocking buffer, 10 μl of standard or sample were added together with 90 μl 
of tracer. After incubation, wells were cleared and washed before scintillation 
liquid was added. Activity in wells was measured by β-counting.
Glucose, NEFA and lactate were measured with commercial kits (Wako 
Diagnostics, Richmond, VA, USA). Plasma osmolality (sample volume: 50 μl) 
was measured with an Osmomat 030 (Gonotec, Berlin, Germany); deionized 
water (0 mOsmol/kg) and a standard solution (300 mOsmol/kg) served as 
reference.
Statistics
Statistical analyses were performed using Graphpad Prism 5 (Graphpad 
Software, La Jolla, CA, USA). Plasma cortisol levels were measured at four 
different time-points, e.g. before air-exposure, directly after air-exposure, 30 
minutes after air-exposure and 60 minutes after air-exposure. Total cortisol 
secretion up to 1 hour after air-exposure (area under the curve) was quantified 
by Graphpad Prism 5 (Graphpad Software). For each fish, the average value 
before air-exposure was subtracted from data-points after air-exposure, 
which normalizes the post-stressor levels to baseline levels per fish.
Data were checked for normal distribution by use of D’Agostino & Pearson 
omnibus normality test. When a D’Agostino & Pearson omnibus normality 
test result was significant, data were log-log transformed. Significant 
differences were tested by two-way analysis of variance (ANOVA) with a 
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Bonferroni post-hoc test where appropriate. Due to double use of groups in 
statistical analyses, significant differences in two-way ANOVA were accepted 
when P ≤ 0.025. Data were analysed according to (1) density (low versus 
high) and feeding regime (night versus day) (LD × HD), (2) tubes (high 
density plus tubes versus high density minus tubes) and feeding regime 
(night versus day) (HD × HD + T) and (3) (high density plus tubes versus 
low density) and feeding regime (night versus day) (LD × HD + T). Data are 
expressed as means ± 1 s.d.
Results
Weight and FCR
Density (HD versus LD)
The average final weight of fish was slightly, but significantly, lower 
(F(1,140) = 9.19; P = 0.0029) when fish were kept in tanks at high density 
compared to the tanks with low density (Figure 2.2a). Fish fed during the 
night had a significantly higher average final weight (F(1,140) = 143.40; P < 
0.001) and growth (F(1,140) = 140.72; P < 0.001: Figure 2.2b) than fish fed 
during the day.
Tubes (HD + T versus HD)
The presence of tubes had no overall significant effect on final weight 
(Figure 2.2a), but decreased growth (F(1,140) = 14.04; P = 0.003: Figure 2.2b). 
Fish fed during the night had a significantly higher average final weight 
(F(1,140) = 46.55; P < 0.001) and growth (F(1,140) = 82.70; P < 0.001) than fish 
fed during the day.
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Figure 2.2: a, Final weight of African catfish after 60 days under experimental husbandry 
conditions. b, Overall weight difference of the fish between the start and end of the 
experiment (growth). c, Feed conversion ratio per group. d, Feed conversion ratio of the 
two feeding regimes (day feeding and night feeding). The data of three groups (see Figure c) 
within one feeding strategy were averaged. For all panels: Values are expressed as means 
+ standard deviation and horizontal lines indicate significant differences following main 
effects. Horizontal dotted lines indicate significant interaction effects (Bonferroni post-
hoc test). Significance is shown as: P < 0.01 (**), P < 0.001 (***). Numbers at the bottom 
of the bars indicate the number (n) of animals (Figure a and b) or the number of groups 
(Figure d). Abbreviations: LD, low density; HD, high density; HD + T, high density + tubes.
Density and tubes (HD + T versus LD)
A high density combined with tubes significantly lowered final weight 
(F(1,140) = 5.38; P = 0.0219: Figure 2.2a), as well as growth (F(1,140) = 20.47; 
P < 0.001: Figure 2.2b) compared to the low density, no tubes group. Fish 
fed during the night had a significantly higher final weight (F(1,140) = 76.09; 
P < 0.001) and growth (F(1,140) = 112.79; P < 0.001) than fish fed during the 
day. The average weight of fish in the tubes present and high density condition 
were (slightly) lower than in ‘tubes absent’ and low density in night-feeding 
(significant interaction term; F(1,140) = 13.33; P = 0.004).
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Feeding regime
The FCR (Figure 2.2c) does not seem to differ between densities, but the 
presence of tubes seems to result in a small increase. For statistical analysis, 
we grouped the data of fish in the three tanks that were fed during the light 
period and the data of fish in the three tanks that were fed during the dark 
period. The analysis showed that FCR in night-fed groups is significantly 
lower than in the day-fed fish (Figure 2.2d: unpaired t-test, t = 5.581, df = 4; 
P = 0.0051). Specific growth rates are presented in Table 2.1.
Table 2.1: Baseline plasma levels of cortisol, glucose, lactate, NEFA and 
osmolality. Furthermore final weight, feed conversion ratio and specific growth 
rate is shown for day feeding and night feeding fish. (LD, low density; HD, 
high density; HD + T, high density + tubes; FCR, feed conversion ratio; SGR, 
specific growth rate. Data are expressed as means ± 1 standard deviation.
Scars
Density (HD versus LD)
There were no significant differences in the number of scars on the skin of 
fish between density or feeding regimes (Figure 2.3a).
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Figure 2.3: a, The number of scars before air-exposure, b, directly after air-exposure, 
c, 30 minutes after air-exposure and d, 60 minutes after air-exposure under different 
husbandry conditions. For all panels: values are expressed as means + standard deviation 
and horizontal lines indicate significant differences in main effects. Significance is shown as 
P < 0.01 (**), P < 0.001 (***). Numbers at the bottom of the bars indicate the number (n) of 
animals. Abbreviations: LD, low density; HD, high density; HD + T, high density + tubes.
Tubes (HD + T versus HD)
The number of scars on the skin of fish was significantly higher when 
tubes were present (F(1,32) = 15.14; P = 0.005: Figure 2.3a).
Density and tubes (HD + T versus LD)
The high-density groups with tubes had significantly higher numbers 
of skin scars than the low-density groups without tubes (F(1,32) = 11.48; 
P = 0.0019: Figure 2.3a).
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Basal plasma parameters
Figure 2.4 shows basal plasma values of cortisol, glucose, lactate and 
NEFA.
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Figure 2.4: a, Basal plasma cortisol levels in African catfish after 60 days under different 
husbandry conditions, b, Basal plasma glucose levels, c, Basal plasma lactate levels, 
d, Basal plasma NEFA levels. For all panels: Values are expressed as means + standard 
deviation and horizontal lines indicate significant differences following main effects and 
dotted lines represent significant differences between groups resulting from a significant 
interaction effect (Bonferroni post-hoc test). Significance is shown as P < 0.025 (*), P < 
0.01 (**), P < 0.001 (***). Numbers at the bottom of the bars indicate the number (n) of 
animals. Abbreviations: LD, low density; HD, high density; HD + T, high density + tubes
Density (HD versus LD)
No significant differences in basal plasma cortisol levels or basal plasma 
glucose levels were observed. Density did not affect basal plasma lactate 
levels. The night-fed groups had significantly lower plasma lactate levels 
than the day-fed groups (F(1,32) = 21.25; P < 0.001). Lactate values in the 
high-density group were higher than in the low-density group in day-feeding, 
while the opposite was the case in night-feeding (significant interaction term, 
F(1,32) = 6.84; P = 0.0135). No significant effect of density was observed for 
basal NEFA levels. In the high-density group, levels were higher than in the 
low-density group in day-feeding, while the opposite was the case in night-
38
Effects of density, enrichment and feeding-time
feeding (significant interaction term, F(1,32) = 7.22; P = 0.011). No significant 
differences of plasma osmolality were observed (data in Table 2.1).
Tubes (HD + T versus HD)
No significant differences in basal plasma cortisol levels were observed 
(Figure 2.4a). Fish in the tanks with tubes had significantly lower glucose 
levels compared to those in tanks without tubes (F(1,32) = 20.24; P < 0.001: 
Figure 2.4b). In day-feeding, the difference in plasma glucose levels between 
the tubes-present and -absent group was stronger than in night-feeding 
(significant interaction term, F(1,32) = 11.13; P = 0.0022). No effect of the 
presence of tubes was found on lactate levels (Figure 2.4c), but there was a 
significant interaction between tubes and feeding regime: the lactate value 
in the tubes-present group was higher than in the tubes-absent group in 
day-feeding, while the opposite was the case in night-feeding (significant 
interaction term, F(1,32) = 30.39; P < 0.001). NEFA levels in plasma were 
lower in the presence of tubes compared to absence of tubes (F(1,32) = 6.06; 
P = 0.0194: Figure 2.4d). Furthermore, values were lower in the night-fed 
groups compared to day-fed groups (F(1,32) = 5.59; P = 0.0243). In day-
feeding, the difference between the tubes present and absent was stronger 
than in night-feeding (significant interaction term, F(1,32) = 6.36; P = 0.0167). 
No significant differences of plasma osmolality were observed between 
feeding regimes or between the presence of tubes and absence of tubes (data 
in Table 2.1).
Density and tubes (HD + T versus LD)
No significant differences were observed in cortisol levels between feeding 
regimes or between the low density and the high density with tubes groups 
or their interaction. Plasma glucose levels were lower in the high density and 
tubes groups compared to low-density groups (F(1,32) = 15.70; P = 0.004). No 
significant differences in plasma glucose levels were observed for feeding 
regimes or density and tubes. Plasma lactate levels showed no significant 
changes for feeding regimes or density and tubes. However, a significant 
interaction effect was detected for plasma lactate levels (F(1,32) = 13.57; 
P = 0.008). Bonferroni post-hoc testing showed that for night-feeding lactate 
levels in the high-density and tubes-present groups were significantly higher 
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than in the low-density group. Plasma NEFA levels in the high-density 
and tube groups were significantly lower compared to low-density groups 
(F(1,32) = 5.88; P = 0.0211). No other significant differences were seen. No 
significant differences in plasma osmolality were observed between feeding 
regimes or between the low density and high density with tubes (data in 
Table 2.1).
Stress response and recovery
In Table 2.2, the plasma levels of cortisol and glucose at different time-
points are shown: before (basal), directly after, 30 minutes after and 60 
minutes after air-exposure. In addition, plasma lactate levels, NEFA levels 
and osmolality before, directly after, 30 minutes after and 60 minutes after 
air-exposure.
Peak values and recovery
Peak cortisol production occurred directly after air-exposure (Figure 2.5a). 
Plasma cortisol levels were significantly elevated in all groups (compared to 
baseline values). Within 30 minutes, plasma cortisol levels had returned to 
basal levels in all groups. Plasma glucose levels increased significantly in 
almost all groups after air-exposure compared to baseline levels. However, 
in day-fed groups, plasma glucose levels returned to basal levels within 
60 minutes after air-exposure, while in night-fed groups, levels were still 
significantly higher 60 minutes after the stressor compared to baseline levels 
(data in Table 2.2).
Density (HD versus LD)
In Figure 2.5a, normalised plasma cortisol levels are shown for 4 
time-points: before, directly after, 30 and 60 minutes after air-exposure. 
Total secretion until 1 hour after air-exposure (area under the curve) was 
quantified (Figure 2.5b). No significant differences were observed between 
densities, feeding regimes or their combination on total cortisol secretion. 
Peak cortisol levels (Figure 2.5c, directly after air-exposure) were log-log 
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transformed to acquire normal distribution. There was a significantly higher 
cortisol production after the stressor in the night-fed groups compared to the 
day-fed groups (F(1,32) = 13.97; P = 0.007). No other differences were observed 
in cortisol peak production. Sixty minutes after air-exposure, cortisol levels 
in the low-density groups were significantly higher compared to the high 
density groups (F(1,32) = 9.22; P = 0.0047).
Table 2.2: Plasma levels of cortisol, glucose, lactate, NEFA and osmolality for 4 
time-points; basal (before air-exposure), directly after air-exposure, 30 min after 
and 60 min after air-exposure. Abbreviations: LD, low density; HD, high density; 
HD + T, high density + tubes. Different letters within columns represent significant 
differences over time. Significant differences within columns were tested by one-
way ANOVA with Tukey’s post-hoc test or Kruskal-Wallis test with Dunns multiple 
comparison test. For one-way ANOVA and Kruskal-Wallis test significance was 
accepted when P ≤ 0.05. Data are expressed as means ± standard deviation.
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Figure 2.5: Effect of 15 minutes air-exposure on plasma cortisol levels in African catfish. 
a, Normalised plasma cortisol levels before air-exposure, directly after air-exposure, 30 
minutes after air-exposure, 60 minutes after air-exposure for the low density, the high density 
and the high density plus tubes groups. Data-points represent the means of independently 
sampled groups. No standard deviations are shown for sake of clarity. White circles, 
squares, triangles and bars indicate day-fed groups. Black circles, squares, triangles and 
bars indicate night-fed groups. Circles represent the high density groups, squares the low 
density groups and triangles the high density and tubes groups. b, Total cortisol production 
(area under the curve) over 60 minutes after air-exposure for the low densities, the high 
densities and, high densities plus tubes. c, Plasma cortisol directly after the air-exposure 
(peak values) for the low densities, the high densities and, the high densities and tubes. For 
bottom right and top graph: White bars are day-fed groups, black bars are night-fed groups. 
Values are expressed as means + standard deviation and horizontal lines indicate significant 
differences following main effects. Significance is shown as P < 0.025 (*), P < 0.001 (***). 
Numbers at the bottom of the bars indicate the number (n) of animals. Abbreviations: LD, low 
density; HD, high density; HD + T, high density + tubes; DF, day feeding; NF, night feeding.
A significant increase in plasma glucose levels was observed in the low-
density group compared to the high-density group directly after air-exposure 
(F(1,32) = 6.28; P = 0.0175). Thirty minutes after air-exposure, night-fed 
fish showed significantly lower plasma glucose levels than day-fed fish 
(F(1,32) = 13.50; P = 0.009) (data in Table 2.2).
The scar incidence was significantly affected by density (Figure 2.3). Thirty 
minutes after air-exposure, the high-density groups showed significantly 
fewer scars (F(1,32) = 13.84; P = 0.008) than the fish kept under the low 
density. Also 60 minutes after air-exposure, fish in the high-density group 
had significantly fewer scars (F(1,32) = 53.08; P < 0.001) than fish from the 
low-density groups. No significant differences of feeding regime were found.
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Tubes (HD + T versus HD)
The increase in plasma cortisol levels after the stressor is shown in 
Figure 2.5a. Total cortisol production following 60 minutes air-exposure was 
significantly (F(1,32) = 6.59; P = 0.0152: Figure 2.5b) higher in the high density 
and tubes (HD + T) groups than the high-density groups. No other significant 
differences in total cortisol production were observed. The peak in cortisol 
production was significantly (F(1,32) = 16.03; P = 0.003) higher in the groups 
with tubes than in those without (Figure 2.5c). Feeding regime had no effect 
on the cortisol peak after air-exposure and no interaction effect was found.
Sixty minutes after air-exposure, night-fed fish had significantly lower 
plasma glucose levels than day-fed fish (F(1,32) = 18.97; P = 0.001). After 
60 minutes, in day-fed fish, the difference between tubes-present and -absent 
was stronger than in night-fed fish (significant interaction term, F(1,32) = 16.31; 
P = 0.003).
Fish with tubes in the aquaria had significantly more scars directly after 
(F(1,32) = 13.69; P = 0.008: Figure 2.3), 30 minutes after (F(1,32) = 37.43; 
P < 0.001) and 60 minutes after (F(1,32) = 16.98; P = 0.002) air-exposure 
than fish without tubes in the aquaria. No differences of feeding regime were 
found, nor any interaction.
Density and tubes (HD + T versus LD)
No differences were observed in total plasma cortisol production levels 
over 60 minutes after air-exposure (Figure 2.5b). The peak in plasma cortisol 
levels was significantly (F(1,32) = 6.49; P = 0.0159: Figure 2.5c) higher in fish in 
the high density and tube groups than in fish in the low-density groups. No 
effects of feeding nor an interaction effect was found.
Directly after air-exposure, there was a significant increase in plasma 
glucose in the low-density group compared to the high density and tube 
groups (F(1,32) = 12.45; P = 0.0013). Directly after air-exposure, in day-feeding, 
the difference between the high-density and tubes-present group and low-
density group was greater than in night-feeding (significant interaction term, 
F(1,32) = 13.99; P = 0.007) (data in Table 2.2).
The scar incidence was significantly lower in the low-density groups 
directly after (F(1,32) = 8.55; P = 0.0063) and 30 minutes after (F(1,32) = 16.39; 
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P = 0.003) air-exposure compared to the high density and tube groups 
(Figure 2.3). Differences in the number of scars were not significant 60 
minutes after air-exposure. No significant differences of feeding regime were 
found, nor an interaction effect.
Discussion
In catfish, night-feeding promotes growth and enhances FCR. These data 
are in line with our hypothesis. No effects of density were found for baseline 
stress hormones, basal metabolism or aggression. Air-exposure increased 
aggression in the low-density groups. These data are not (entirely) in line 
with our hypothesis. Adding tubes to the high-density conditions increased 
aggression, raised baseline cortisol levels and decreased basal metabolism. 
The presence of tubes under the high density also increased the allostatic 
load of an air-exposure challenge. These data are unexpected and not in line 
with our hypothesis.
Feeding regime
We predicted that the night-fed groups would show increased growth and 
a lower FCR compared to day-fed groups (as these fish are, in the wild, active 
during the night). This experiment shows that night-feeding increases growth 
and decreases FCR compared to day-feeding regardless of density and the 
presence or absence of tubes, in line with our prediction. It has been shown 
that time of feeding can change growth efficiency in fish 115,116,118. In other 
studies, catfish are normally fed during daytime and FCRs of day-fed groups 
in this experiment are similar to those reported by van de Nieuwegiessen 
and colleagues 34. However, FCRs of night-fed groups in this experiment are 
lower than those reported 27,34.
The African catfish is nocturnal, i.e. mostly active during night, and rests 
during the day 5,9,10. Feeding during its active phase increased growth and 
FCR. This might be due to undisturbed resting during daytime, or increased 
nutrient uptake/efficiency of the gut during the active phase 131,132. Uys, Hecht 
and Walters 133 showed that African catfish can rapidly increase digestive 
enzyme activity after feeding. We speculate that an increased latency to 
upregulate digestive enzyme activities after a feeding event in (unnaturally) 
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day-fed groups might explain a less efficient growth in our studies in day-
fed groups. Another explanation could lie in differences in growth hormone 
levels and metabolism. During resting, growth hormone levels increase in 
fish 134 and this can accelerate growth 135 and improve feed conversion. Night-
fed fish are resting during the day, i.e. no energy is spent in their inactive 
period to find food. As day-feeding forces fish to be active during their normal 
resting phase, this phase also becomes an active phase. Thus, day-fed fish are 
active both during their normal resting phase as well as in their active phase. 
A higher metabolism or lower growth hormone levels could therefore explain 
increased FCR and lower growth in day-fed fish.
The feeding regime influences the stress response: allostatic load imposed 
by 15 minutes air-exposure is taken differently and significantly in night-fed 
fish (versus day-fed fish) reflected in the peak of plasma cortisol after the 
stressor (Figure 2.5). In contrast to day-feeding, night-feeding prolonged 
high plasma glucose levels after air-exposure. Plasma glucose did not return 
to baseline in night-fed groups even after a recovery of 60 minutes. Both 
day-fed fish and night-fed fish received the air-exposure during daytime. The 
effects on plasma glucose may be due to time of stress, i.e. during the forced 
active phase (day-fed fish) or during the resting phase (night-fed fish). It has 
been shown in rats 136 that circadian phase can affect the response to an acute 
stressor. It seems that day-fed fish are better habituated to disturbances 
during daytime.
Density
We predicted that a high stocking density would increase allostatic load 
as measured by slow recovery from an acute stressor. This study shows 
that density has no significant effect on growth. A positive effect on growth 
was found by Haylor 28,29, Kaiser and colleagues 32, Hengsawat, Ward and 
Jaruratjamorn 30, Hossain and colleagues 31 whom showed higher growth 
rates under lower density. However, these studies focused on fry (larvae) 
of the African catfish. Several studies with older fish also did not show 
correlations between growth rate and density 27,33,34. In one report, Hecht and 
Uys 35 showed that fish grew faster under higher densities.
Density had no effect on baseline cortisol, glucose, lactate or NEFA levels. 
The levels found are similar to those found by van de Nieuwegiessen and 
colleagues 27,34 and Manuel and colleagues 82. Neither the low density nor the 
high density had a negative effect on basal physiology.
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A higher stocking density results in less resting, increased air-breathing 
and increased swimming activity 24. This could lead to increased aggression. 
In our experiment, the number of scars, indicative of aggression, was 
similar at both densities and equal to findings, at lower densities, in the 
experiment of van de Nieuwegiessen and colleagues 27. Kaiser and colleagues 
33 showed increased aggression at high and low stocking densities, but not 
at intermediate densities. Several studies show less aggression at higher 
densities 33,35,101,137.
Air-exposure evoked an acute response of the HPI-axis as plasma cortisol 
levels doubled or tripled directly after application and glucose levels increased 
in almost all groups after air-exposure. The intensity or duration of the stress 
response (stress load) was not influenced in fish grown under either the high 
or the low density. Plasma cortisol levels at the peak of the stress response 
were not different between the high-density and the low-density groups. 
Cortisol levels returned to baseline within 30 minutes after air-exposure and 
the total cortisol production over 60 minutes after air-exposure did not differ 
between densities. Hence, density had no effect on the physiological stress 
response and recovery in African catfish. Similar to van de Nieuwegiessen 
and colleagues 34, no effect of density on other stress-related parameters 
(lactate, NEFA or glucose) was observed. The allostatic load of air-exposure 
was not affected by density under conditions used.
The fish in the low-density groups showed more scars, scored 30 and 
60 minutes after air-exposure, compared to the high-density groups. Low 
density seems to stimulate aggressive behaviour after air-exposure, especially 
after 30 and 60 minutes post-stress. At present, it is not clear why these 
differences were observed.
As a final remark, density is defined as the number of animals or weight 
per given volume unit (m3). However, it is clear that the effect of density may 
be dependent on the actual number in a tank, total weight in a tank or the 
actual size (W × L × H) of a tank 24. For instance, hierarchies may be more 
easily formed at low numbers than at high numbers in a tank, while densities 
may be the same as tank volumes are scaled to the numbers. Similarly, a tank 
with a small bottom surface (little resting space) is different than a tank with 
a large bottom surface (large resting space), while the total volumes may be 
the same as the heights are scaled to bottom surfaces. Since we have used 
relatively low numbers (n = 51) in our tanks, this may be one reason why we 
did not observe a strong effect of density as in both cases (low and high) fish 
may easily establish hierarchies and thus reduce aggression. Future studies 
should be directed at disentangling these effects.
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Tubes
We hypothesised that the presence of tubes would mitigate potential 
adverse effects of high density, as they may serve as shelter and increased 
available resting space for the fish. However, fish with tubes in the tank 
had elevated basal plasma cortisol levels, lower baseline plasma glucose 
concentrations and decreased plasma NEFA, i.e. altered physiology (altered 
allostatic state) compared to fish in the high-density group. This change in 
metabolism decreased growth. The energy expenditure thus is less focused 
on growth, as also appears in the slight increase in FCR by the presence of 
tubes. Hossain and colleagues 31 showed increased growth of African catfish 
fingerlings after 4 weeks in the presence of shelter, but there is a huge 
difference between our and their study in age, size and origin of the fish. In 
very young fish, growth is often prioritised above other energy demanding 
systems. Growth is a dynamic process that requires the allocation of energy 
between structural, storage and gonadal growth, maintenance and energy-
consuming activities such as foraging and predator avoidance 138. The lower 
growth in the presence of tubes seen here may be due to increased aggression/
competition as we observed that fish with tubes in the aquaria had more scars 
at the end of the experiment than the fish without the presence of tubes.
The increase in number of scars on the skin can originate from aggressive 
competition for shelter as the number of fish outweighs the total shelter space. 
Indeed increased aggressive behaviour due to enrichment was also observed 
in other species, like tilapia 139 and round gobies 140. Still in other fish-species, 
it was shown that enrichment (tubes) decreases aggression 141-143. Here we did 
not see that catfish used the pvc-tubes for shelter/resting place, suggesting 
that competition may not be the main reason for the increase in the number 
of scars. Therefore, another explanation may be the higher density created by 
the presence of tubes (from 51 fish per 43 l to 51 fish per 41 l), i.e. a decrease 
in available space. Further studies are needed to clarify this.
The presence of tubes did increase the response to air-exposure. The 
cortisol peak directly after air-exposure increased as did cortisol production 
over 60 minutes post-stress. This indicates that the fish not only reacted 
more intensely to this stressor (peak height) but also that the recovery from 
the stressor needed alternative redistribution of energy 73. This notion is 
supported by the subtle increase in the upregulation of plasma glucose over 
60 minutes after air-exposure (area under the curve) in the fish with tubes 
in the aquaria (data not shown). Plasma cortisol levels of fish with tubes 
present were elevated at all sample points, i.e. before air-exposure, directly 
after, 30 and 60 minutes after air-exposure compared to groups without the 
presence of tubes. Normalisation to basal levels showed that the increase in 
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peak height was not causal to higher basal cortisol levels. Post-stress plasma 
cortisol levels in fish with tubes and without tubes returned to their relative 
baseline within 30 minutes.
The number of scars increased significantly by the presence of tubes at all 4 
sample points, after air-exposure. However, there is no significant difference 
in the number of scars from fish before and after air-exposure, suggesting 
that the difference between the high density and the high density with tubes 
originates from the situation before air-exposure. Thus, the addition of tubes 
had no effect on stress-induced aggression. It seems that in this experiment, 
the presence of tubes (due to increased competition or increase in density) 
changed the baseline allostastic state and added to the allostatic load imposed 
by the air-exposure.
Implications for catfish aquaculture
Keeping in mind that results from laboratory experiments are difficult to 
translate to a production scale, we may make the following recommendations 
for catfish aquaculture or more grand scale studies. In this experiment, 
night-feeding increased growth and resulted in a more efficient FCR. Night-
feeding African catfish can contribute to a more sustainable aquaculture 
sector, a focus point in the European commission directives 144. Density does 
not affect basal physiology or the allostatic load imposed by a successive 
acute stressor, reflecting the robustness of catfish. From a welfare point of 
view, night-feeding, under a low density, seems preferable in a RAS. In an 
economic mindset, high density and night-feeding may be indicated, yet be 
less welfare-friendly.
Conclusions
Our data show that night-feeding enhances growth and results in a lower/
more efficient FCR. The presence of pvc-tubes negatively influenced growth, 
basal physiology and aggression as well as the allostatic load of an acute 
stressor, i.e. not every kind of shelter/enrichment is beneficial for African 
catfish. In addition, this paper shows that assessing the recovery of an animal 
from an acute stressor is a good reflection of its allostatic state.
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Abstract
African catfish (Clarias gariepinus) grown in aquaculture settings can 
be exposed to accumulating stressors, which can overtax their allostatic 
capacity and lead to allostatic overload and poor welfare. In a study of 
Schram and colleagues it was shown that long-term exposure to 89 μM 
ammonia would result in a 10% reduction in feed intake and exposure 
to 122 μM ammonia would also decrease SGR by 10%. We hypothesised 
that changes in physiology appear when fish are permanently exposed 
to ammonia concentrations ranging between 89 μM and 176 μM. These 
physiological changes can influence the allostatic load of additional acute 
stressors. Therefore, we studied the effects of long-term (30 days) exposure 
to 121 μM ammonia on total feed intake and growth, basal physiology and 
aggression-related parameters, as well as on the allostatic load imposed 
by an acute stressor (15 minutes air-exposure). Accidentally fish in all 
groups (control, pair-fed and ammonia-exposed) were exposed to high 
concentrations of copper during the experiment (day 11 - 34; 2.05 μM). We 
show that long-term exposure to 121 μM ammonia significantly decreased 
growth and specific growth rate, and increased feed conversion ratio and 
plasma osmolality compared to the control and/or pair-fed condition. Total 
feed intake in the control condition was not significantly different from 
the ammonia-exposed condition. In addition, all groups showed higher 
than normal levels of baseline cortisol, and lower than normal relative 
increases in peak-values to 15 minutes air-exposure (control, 1.4 times 
higher; pair-fed, 1.7 times higher; ammonia-exposed, 2.2 times higher), yet 
normal recovery. The increased baseline cortisol levels may be related to 
the unforeseen long-term copper exposure. We hypothesise that fish in this 
study were more sensitive to long-term ammonia exposure than in the study 
of Schram and colleagues, which may be related to long-term exposure to 
copper.
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Introduction
Animal welfare is defined in different ways 67-71. Key to all definitions is 
that poor welfare is associated with overtaxing the coping capacity of animals 
72  (allostatic overload). Allostatic overload results from chronic stress and 
leads to pathologies and mortality 73. Successive or cumulative exposure to 
stressors may compromise the allostatic capacity of an animal and lead to 
allostatic overload and poor welfare 68,71. Energy expenditure to maintain 
allostasis (allostatic load) is (fish) species-specific 72 and depends on allostatic 
history. When stressors overtax the system, valuable energy is diverted away 
from crucial processes and systems such as the immune system, reproduction 
and growth 74.
Aquaculture practices involve potentially harmful stressors and 
accumulation of stressors, e.g. crowding, changes in temperature, sorting, 
handling, transport 53,78,80-82, pathogens 84 and deteriorated water quality. In 
fish, stressors may lead to decreased welfare, health problems and mortality 
85,86, when they overtax the adaptive capacity of the animal. 
In Africa, African catfish (Clarias gariepinus) production is on the rise. 
The global production was approximately 186 kilotons in 2012 13. In The 
Netherlands 500 tons of African catfish and 1,000-1,500 tons of Claresse® 
catfish (hybrid of C. gariepinus and Heterobranchus longifilus) were 
produced in 2014 (pers. comm.). In recirculation systems, densities of 
African catfish are high and can reach a maximum of 500 kg/m3 27. High fish 
density and high feed loads combined with poor biofilter capacity can result 
in accumulation of organic and inorganic pollutants in the culture system, 
e.g. nitrogenous waste products. Another often overseen phenomenon is the 
secretion of alarm pheromones in aquaculture settings, which may become a 
biofouling phenomenon when densities are high. 
Fish produce and excrete nitrogenous waste, like ammonia/ammonium, 
into the water, which at higher concentrations can be harmful 145,146. Especially 
at higher feed loads with high protein content, biofiltration capacity may be 
insufficient and nitrogenous waste products can accumulate into the system. 
In an aqueous environment the equilibrium between ammonia (NH3) and 
ammonium (NH4
+) is mainly pH dependent: a pH below 9.25 increases the 
presence of the NH4
+ form 129. It is known that African catfish can tolerate 
high ammonia levels 38,146. The effects of long-term exposure (34 days) to 
different ammonia (NH3) concentrations (4, 14, 38, 176 and 1084 μM) were 
tested on feed intake, growth, and baseline physiology (e.g. cortisol, glucose, 
lactate and osmolality) by Schram and colleagues 38. They calculated that 
long-term exposure to 89 μM ammonia would result in a 10% reduction 
in feed intake and exposure to 122 μM ammonia would also decrease 
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SGR by 10%. Empirically they showed that long-term exposure to 176 μM 
ammonia (pH 7.3 - 8.2) decreased feed intake, while exposure to 1084 
μM ammonia (pH 7.5 - 8.7) not only affected feed intake, growth, specific 
growth rate and feed conversion ratio, but also basal physiology. In addition, 
a gradual deterioration of gill morphology was observed with increasing 
concentrations. We hypothesise that 176 μM NH3 may be a threshold level 
value for physiological disturbances. 
As indicated above, chronic stress consumes energy normally used for 
other processes (growth, reproduction and responses of the immune system 
74). Stress responses in fish comprise behavioural modification, hormonal 
changes 74,89, changes in metabolism 74,89, blood ions and haematology 90 to 
adjust to the challenging situation. In African catfish stress often results 
in aggression, leading to wounds in conspecifics and increased mortality 
31,33,101 while growth 34 decreases and feed conversion ratio increases 27. This 
redirection of energy can influence the allostatic load imposed by additional 
acute stressors. Therefore, recovery from an acute stressor on top of the 
normal or experimental husbandry conditions 73 is indicative of an animal’s 
allostatic state under those husbandry conditions. However, in African 
catfish this has only been scarcely studied 82,83. Here, we studied the allostatic 
state of African catfish compelled to long-term physiological disturbances, 
i.e. on the verge of chronic stress. 
We analysed the impact of a long-term elevated ammonia concentration on 
the allostatic load of an additional acute stressor, i.e. air-exposure; recovery 
from this challenge reflects the adaptive capacity of the fish. Parameters 
measured were: growth, feed conversion ratio, plasma cortisol, metabolism 
(glucose 123, lactate, non-esterified fatty acids (NEFA) 124), osmolality 125,126 and 
an indicator of aggression 127,128, i.e. the number of scars on the skin of fish 24. 
While the experiment was in progress as originally intended (ammonia/
ammonium challenges only), fish were exposed to a higher than normal copper 
concentration from day 11 till the end of the experiment (day 35). This was due 
to an accidently installed copper pipe in the water main, which carries the water 
to the building of the Faculty of Science, at day 11. The main water supply is also 
used for the fish facilities at our laboratory. This imposed an additional load on 
the fish as exposure to too high levels of copper is known to disregulate endocrine 
systems, e.g. increase stress-axis activity 147. In this study all fish, controls and 
pair-fed, were exposed to copper. Therefore, the data in this chapter should 
be seen as indicative of single exposure (control, pair-fed groups) and double 
exposure (ammonia group also being exposed to copper) to stressors. Data 
of Schram and colleagues 38 (reference for the effects of long-term ammonia 
exposure) and data of our own experiments 82,83 (reference for the recovery from 
an acute stressor) will be taken as reference for the experiment described here, 
as valuable information from this experiment was obtained.
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Materials and methods
Fish husbandry 
Before the start of the experiment, African catfish (Clarias gariepinus; 
weight range 57.2 ± 14.6 g; Fleuren & Nooijen, Someren, The Netherlands; 
n = 259) were kept for 3 months in a recirculation system. Water quality in 
the aquaria was monitored every day by use of the Handheld Multiparameter 
Instrument Pro2030 (YSI, Fleet, Hampshire, UK): temperature 20.3 ± 0.72 
°C, pH 7.17 ± 0.21, O2 4.72 ± 0.82 mg/l, NO2
--N 0.33 ± 0.5 mg/l, NO3
--N 27.8 
± 8.33 mg/l, TAN 0.38 ± 0.24 mg/l 129. Before the experiment fish were fed 
twice daily with commercial pellets (Skretting, Boxmeer, The Netherlands; 
Me-3 Meerval start; composition 49% protein, 11% fat, 1.8% fibre, 9.5% 
ashes, 2% calcium, 0.7% sodium, 1.3% phosphor) and were housed under a 
circadian rhythm (12:12 hour light-dark cycle, lights on: 06.30 o’clock). 
Experimental setup 
The experiments were conducted under the regulations of the Dutch Law 
(Wet op de Dierproeven, 1996) on animal experimentation and European 
regulations (Directive 86/609/EEC). African catfish (weight 210.0 ± 57.2 g; n 
= 168) were randomly assigned to twelve 30 l glass aquaria (50 × 30 × 20 cm; 
L × W × H) and acclimatised for 2 weeks prior to the experiment. Water was 
preheated in a header tank (2,000 l) from which water flow was distributed 
to the 12 aquaria at an input of 180 l/day per aquarium. Water quality in the 
aquaria was monitored every day at 9 a.m. before feeding: (averages of 12 
aquaria during the experiment) temperature 27.1 ± 0.6 °C, pH 7.5 ± 0.2, O2 
4.1 ± 1.5 mg/l, TAN 3.74 ± 2.20 mg/l (control and pair-fed groups only) 129. 
During the experiment, fish were housed under a circadian rhythm, identical 
to the 3 months husbandry period before the experiment (12:12 hour light-
dark cycle, lights on: 06.30 o’clock).
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The experiment addressed three conditions: ammonia-exposed fish, pair-
fed fish, and untreated controls. Pair-feeding was included to control for the 
(potential) lower total feed-intake upon ammonia-exposure: any difference, 
emerging between the pair-fed and ammonia-exposed fish, is then due to 
ammonia-exposure per se. 
Figure 3.1: Schematic representation of the experimental setup. Fish were exposed to 
one of 3 different treatments (control, ammonia, pair-fed). For every treatment 4 aquaria 
were used which all contained 14 fish. From day 0 (A) till day 3 (B) NaCl concentration was 
increased. From day 3 (B) till day 5 (C) ammonia concentration was gradually build-up till 
a theoretical level of 176 μM. Start of the experiment at day 5 (C). At day 11 (D) copper pipes 
were installed and copper was gradually introduced in the system. From day 35 (E) till day 
38 (F), every day (4 days) one aquarium of each treatment was sampled. After 30 days (E,F) 
3 fish of one tank were sampled before air-exposure (basal), 9 fish of one tank were air-
exposed for 15 minutes as additional stressor. From these 9 fish, 3 were sampled directly after 
air-exposure. Six fish were allowed to recover either 30 or 60 minutes post-stress. The total 
number of animals (n) per treatment is indicated between brackets after sampling-points.
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During the experiment fish in the control and ammonia-exposed condition 
were fed ad libitum twice daily (9.30 and 16.30) with commercial pellets 
(Skretting, Boxmeer, The Netherlands; Me-3 Meerval start; composition 
49% protein, 11% fat, 1.8% fibre, 9.5% ashes, 2% calcium, 0.7% sodium, 1.3% 
phosphor). Feed loads per tank were recorded and were supplied till almost 
all fish stopped feeding. After 15 minutes the remaining floating pellets were 
removed from the water surface. Feed eaten by the fish was calculated by 
counting the number of uneaten pellets, multiplied by the average dry weight 
of a pellet and subtracting this from the total of feed load administered to the 
tank. 
Every tank in the pair-fed condition was linked to a specific tank in the 
ammonia-exposed condition, i.e. pair-fed tank 1 was given the same quantity 
of feed as tank 1 of the ammonia-exposed had consumed the previous day. 
Also for the pair-fed condition, feed not eaten after 15 minutes was removed 
and subtracted from the total feed eaten. 
The control, ammonia-exposed and pair-fed condition was realised in 
quadruplicate tanks with 14 fish per tank (Figure 3.1). The intended ammonia 
concentration (176 μM NH3) was approached by adding 4.5 liter per tank 
per day of a stock solution of NH4Cl and NaHCO3 (0.25 M NH4Cl; 0.21 M 
NaHCO3). NaHCO3 was added to stabilize the pH of the stock solution. The 
control and pair-fed condition received 4.5 liter 0.25 M NaCl per tank per day 
to compensate for the addition of ions (Na+ and Cl-) in the aquaria. Daily and 
freshly prepared stock solutions were administered via a peristaltic pump 
(Watson Marlow 505 S; Rotterdam, The Netherlands) and were mixed in the 
aquaria by use of an aeration stone. Inflow of fresh water of each tank was 
monitored and adjusted daily when necessary. 
The catfish were in the experiment for 35 days until sampling. The first 
3 days NaCl concentrations were increased. From day 3 to 5 ammonia 
concentration was built-up gradually over 3 days.
To assess mean growth per tank the final weights of fish per tank were 
normalised to the start weight of fish per tank (total weight of fish/number 
of fish per tank). Specific growth rate (SGR) expressed as a percentage, was 
calculated by subtracting the natural logarithm of the mean starting weight 
from the natural logarithm of the mean final weight and dividing this by the 
number of experimental days 27. Feed conversion ratio (FCR) per tank was 
calculated from the total feed given divided by the total fish weight at the end 
minus total weight at the beginning 27.
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Ammonia analyses
Total ammonia nitrogen (TAN) levels in the water were analysed by use of 
the protocol of Taylor and colleagues 148. In short, all ammonia is converted 
into ammonium by buffering at pH 7.2. Beta-mercaptoethanol creates 
reduced conditions and ammonium reacts with ortho-phthaldialdehyde 
under reduced conditions to form a yellow fluorescent compound 
which is spectrophotometrically detected at 420 nm (Ultrospec 2000 
spectrophotometer, Pharmacia Biotech). From TAN theoretical ammonia 
concentrations were calculated using pH, water temperature, electrical 
conductance and the tables of Emerson 129.
Copper exposure
During this experiment all fish were exposed to higher than normal 
copper concentrations as explained in the Introduction. From day 1 to 11 
average copper levels in the water were 0.62 ± 0.16 μM. As of day 11 fish were 
exposed to increasing copper levels, gradually increasing from 0.61 ± 0.09 
μM at day 11 to a maximum of 3.47 ± 0.49 μM at day 34. The average copper 
concentration during the last 24 days of the experiment was 2.05 ± 0.99 μM. 
In the water where the fish were allowed to recover from air-exposure copper 
levels were 1.02 ± 1.21 μM. No fish died during the course of the experiment. 
Air-exposure 
From day 35 on, three tanks (1 of each group) were sampled daily in a 
random order (Figure 3.1). Every sampling day 12 fish from an aquarium 
(control, ammonia and its linked pair-fed tank) were sampled, 2 fish returned 
to stock. From every aquarium 3 fish were taken randomly to determine 
basal levels of stress-related parameters. Remaining fish (9 fish per group) 
were air-exposed and confined for 15 minutes in a black plastic tub (Ø 80 
cm). Three fish were sampled directly after the stressor. The remaining 6 
fish were divided into 2 groups of 3 fish each and allowed to recover from the 
stressor in separate aquaria (30 l; 50 × 30 × 20 cm; L × W × H) for either 30 
or 60 minutes. The water was supplemented with NaCl to meet the osmotic 
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conditions of the ammonia group. At 30 and 60 minutes recovery the fish (n 
= 3) were sampled from a recover tank. 
Sampling
Fish were anaesthetized in water supplemented with 0.2% (w/v) 
2-phenoxyethanol. Once anaesthetized, fish were removed from the water, 
weights noted, blood was drawn, scars counted and subsequently they were 
sacrificed by transecting the spinal cord behind the skull. Blood was drawn 
from the caudal vessels with tuberculin syringes rinsed with 2% EDTA. Blood 
(1 ml) was collected in 1.5 ml Eppendorf tubes and immediately placed on ice. 
Following centrifugation (18,000g, 4 °C, 10 minutes) plasma was separated 
from blood cells and was frozen at -20 °C until use. At each of the sampling 
moments fish were checked for scars according to Manuel and colleagues 82. 
The number of scars (including lesions on fins and barbels) was assessed by 
2 separate counts per fish performed by 2 persons. Both new/recent (bloody) 
and old (scar tissue) lesions were included. 
Plasma analyses
Cortisol was measured as previously described by Gorissen and 
colleagues 130. In short, 96-well microtiter plates were coated with mouse 
cortisol antibodies in coating buffer. Plates were cleared of coating buffer 
and washed with wash buffer before blocking a-specific binding sites by 
addition of blocking buffer. Blocking buffer was removed after 60 minutes 
and subsequently 10 µl of standard or sample was added together with 90 µl 
of tracer. After incubation wells were cleared and washed before scintillation 
liquid was added. Tracer activity in wells was measured by β-counting. 
Glucose, NEFA and lactate were measured with commercial kits (Wako 
Diagnostics, USA). Plasma osmolality (sample volume: 50 μl) was measured 
with an Osmomat 030 (Gonotec, Germany); deionized water (0 mOsmol/kg) 
and a standard solution (300 mOsmol/kg) served as reference. 
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Statistics
Data were checked for normal distribution by use of D’Agostino & Pearson 
omnibus normality test. When a D’Agostino & Pearson omnibus normality test 
result was significant, data were log-log transformed. Significant differences 
for total feed intake, weight, SGR, FCR and ammonia data were tested by 
one-way analysis of variance (ANOVA) with a Bonferroni post-hoc test. 
When sample size was too small for normality testing, normal distribution of 
the data was not assumed and analyses for significant differences was done 
by Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test where 
necessary (Graphpad Prism 5, Graphpad Software, USA). Plasma cortisol, 
glucose, lactate, NEFA, osmolality and scars data were tested for significant 
differences with one-way ANOVA with a Bonferroni post-hoc test when data 
were normally distributed, else by one-way ANOVA with a Games-Howell 
post-hoc test (IBM SPSS statistics 21, IBM, USA). Significant differences 
were accepted when P ≤ 0.05. Data are expressed as means ± 1 standard 
deviation.
Results
Water quality
The average NH3 concentration (after gradual build-up of the ammonia 
concentration Figure 3.2a) during the 30 days ammonia treatment was 
significantly higher (Figure 3.2b; Kruskal-Wallis, H = 249.6; P < 0.0001) 
in the ammonia-exposed condition (120.90 ± 86.61 μM) than in the control 
(3.70 ± 2.30 μM) or pair-fed condition (3.90 ± 2.81 μM). Average TAN (NH3 
+ NH4) concentration did not differ significantly in the 4 ammonia-exposed 
tanks (Figure 3.2c), but the average ammonia treatment (NH3) over 30 days 
was significantly different between the 4 ammonia-exposed tanks (Figure 
3.2d; Kruskal-Wallis, H = 15.2; P = 0.0017). However, the lowest average 
ammonia concentration (NH3) was 19 fold higher than the highest level in 
the pair-fed and control condition.
When copper levels began to rise at day 11 the oxygen concentration 
declined in all tanks (Figure 3.3; control, 4.70 ± 1.36 mg/l; pair-fed, 4.46 ± 
0.66 mg/l; ammonia, 4.28 ± 1.46 mg/l) at day 12 (control, 1.91 ± 0.55 mg/l; 
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pair-fed, 2.67 ± 0.55 mg/l; ammonia, 2.43 ± 0.97 mg/l). Even though, these 
levels remained low for 9 days before they returned to normal (control, 4.41 
± 1.27 mg/l; pair-fed, 5.11 ± 0.61 mg/l; ammonia, 4.64 ± 1.40 mg/l) at day 21, 
no mortality was observed during this experiment.
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line, white squares). b, Average ammonia concentrations over 30 days per treatment. c, 
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and horizontal lines indicate significant differences following main effects. Significance is 
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Total feed intake and growth
Mean starting weight (Figure 3.4a; Kruskal-Wallis, H = 2.591; P = 0.27) 
and mean final weight (Figure 3.4b; one-way ANOVA, F(2,163) = 2.240; P 
= 0.11) of fish did not differ significantly between groups, but control fish 
gained significantly more weight (25.8%) than ammonia-exposed fish, while 
pair-fed fish tended to gain more weight (15.7%) than ammonia-exposed 
fish (Figure 3.4c; Kruskal-Wallis, H = 6.615; P = 0.04). Specific growth rate 
was significantly lower (2.58%) in ammonia-exposed fish than in control 
fish, but not between ammonia-exposed and pair-fed fish (1.18% lower; 
Kruskal-Wallis, H = 5.994; P = 0.05; Figure 3.4d). Although control fish 
seemed to consume more feed than ammonia-exposed fish (14.2% more), 
total feed intake at the end of the experiment did not differ significantly 
between conditions (Figure 3.4e; Kruskal-Wallis, H = 3.115; P = 0.21). Feed 
conversion ratio was significantly lower in pair-fed fish (28.4%) than in 
ammonia-exposed fish while only a trend was observed between control fish 
and ammonia-exposed fish (22.7%; Kruskal-Wallis, H = 7.708; P = 0.02). 
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Basal plasma parameters
No significant differences were observed in basal plasma cortisol levels 
between conditions (Figure 3.5a, control, 57.58 ± 42.90 ng/ml; pair-fed, 41.59 
± 42.54 ng/ml; ammonia-exposed, 38.48 ± 36.28 ng/ml) (one-way ANOVA, 
F(2,33) = 0.762; P = 0.48). One-way ANOVA showed no significant differences 
in basal plasma glucose levels (Figure 3.5b, F(2,33) = 0.224; P = 0.80), as 
well as in plasma lactate levels (Figure 3.5c, F(2,33) = 1.308; P = 0.284) and 
plasma NEFA levels (Figure 3.5d, F(2,33) = 0.768; P = 0.472) between groups. 
Basal plasma osmolality was significantly higher in ammonia-exposed fish 
compared to control fish (Figure 3.5e, one-way ANOVA F(2,33) = 6.692; P = 
0.004; Bonferroni post-hoc test, P = 0.03) and pair-fed fish (Bonferroni 
post-hoc test, P = 0.004). 
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Figure 3.5: Effect of ammonia on the allostatic load of 15 minutes air-exposure. 
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Stress response and recovery 
Plasma cortisol
No significant differences (Figure 3.5a; one-way ANOVA’s) were found 
between treatments directly after (F(2,33) = 0.492; P = 0.62), 30 minutes after 
(F(2,33) = 1.833; P = 0.18) or 60 minutes after (F(2,33) = 0.510; P = 0.61) air-
exposure. 
For control fish, a significant time effect was found for plasma levels of 
cortisol (one-way ANOVA, F(3,44) = 3.947; P = 0.014; Figure 3.5a). As to the 
different time-points: plasma cortisol levels 60 minutes after air-exposure 
were significantly lower compared to levels directly after air-exposure 
(Bonferroni post-hoc test, P = 0.009). All other comparisons were non-
significant (Bonferroni post-hoc tests). For pair-fed fish, a significant time 
effect was found for plasma levels of cortisol (one-way ANOVA, F(3,44) = 
3,594; P = 0.021; Figure 3.5a). As to the different time-points: plasma 
cortisol levels 30 minutes after air-exposure were significantly lower than 
levels directly after air-exposure (Bonferroni post-hoc test, P = 0.025). All 
other comparisons were non-significant (Bonferroni post-hoc tests). For 
ammonia-exposed fish no significant difference for plasma levels of cortisol 
was found between time-points (one-way ANOVA, F(3,44) = 2.077; P = 0.112).
Plasma glucose
No significant differences (one-way ANOVA’s; Figure 3.5b) were found 
between treatments directly after (F(2,33) = 0.452; P = 0.64), 30 minutes after 
(F(2,33) = 0.290; P = 0.75) or 60 minutes after (F(2,33) = 2.752; P = 0.78) air-
exposure. 
For control (F(3,44) = 12.171; P < 0.001), pair-fed (F(3,44) = 13.885; P < 0.001) 
and ammonia-exposed (F(3,44) = 9.862; P < 0.001) fish significant time effects 
were found for plasma levels of glucose (one-way ANOVA’s; Figure 3.5b). In all 
cases plasma glucose levels were significantly higher than basal levels directly 
after, 30 minutes after and 60 minutes after air-exposure (Bonferroni post-
hoc test, P = 0.03). All other comparisons were non-significant (Bonferroni 
post-hoc tests).
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Plasma lactate
No significant differences (Figure 3.5c; one-way ANOVA’s) were observed 
in plasma lactate levels between groups directly after (F(2,33) = 2.846; P = 
0.07), 30 minutes after (F(2,33) = 1.245; P = 0.30) or 60 minutes after (F(2,33) = 
1.538; P = 0.23) air-exposure. 
For control fish, a significant time effect was found for plasma levels of 
lactate (one-way ANOVA, F(3,44) = 3.333; P = 0.028). As to the different time-
points: plasma levels directly after air-exposure were significantly higher 
than basal levels (Games-Howell post-hoc test, P = 0.04) and levels 60 
minutes after air-exposure were significantly lower than levels directly after 
air-exposure (Games-Howell post-hoc test, P = 0.02). All other comparisons 
were non-significant (Games-Howell post-hoc tests). For pair-fed fish no 
significant time effect was found (one-way ANOVA, F(3,44) = 0.760; P = 0.52). 
For ammonia-exposed fish a significant time effect was found (one-way 
ANOVA, F(3,44) = 2.969; P = 0.042). As to the different time-points: plasma 
levels directly after air-exposure were significantly increased compared to 
basal levels (Games-Howell post-hoc test, P = 0.001). All other comparisons 
were non-significant (Games-Howell post-hoc tests).
Plasma NEFA
No significant differences (Figure 3.5d; one-way ANOVA’s) were found 
in plasma NEFA levels between conditions directly after (F(2,33) = 1.370; P = 
0.27), 30 minutes after (F(2,33) = 1.181; P = 0.38) and 60 minutes after (F(2,33) 
= 2.339; P = 0.11) air-exposure. 
No significant time effects (one-way ANOVA’s) were found for control 
(F(3,44) = 2.519; P = 0.07), pair-fed (F(3,44) = 2.116; P = 0.11) and ammonia-
exposed fish (F(3,44) = 2.588; P = 0.07).
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Plasma osmolality
Plasma osmolality was significantly higher in the ammonia-exposed 
fish than in the control and pair-fed fish directly after air-exposure (Figure 
3.5e; one-way ANOVA, F(2,33) = 13.328; P < 0.001; Bonferroni post-hoc test, 
control, P = 0.004; pair-fed, P < 0.001) and 30 minutes after air-exposure 
(one-way ANOVA, F(2,33) = 10.632; P < 0.001; Bonferroni post-hoc test, 
control, P = 0.013; pair-fed, P < 0.001). Sixty minutes after air-exposure 
plasma osmolality was still higher in ammonia-exposed fish than in pair-fed 
fish (one-way ANOVA, F(2,33) = 3.752; P = 0.034; Bonferroni post-hoc test, P 
= 0.03) but not compared to control fish (Bonferroni post-hoc test, P = 0.54). 
No significant time effects (one-way ANOVA’s) were found for control 
(F(3,44) = 0.088; P = 0.97), pair-fed (F(3,44) = 0.480; P = 0.70) and ammonia-
exposed fish (F(3,44) = 1.972; P = 0.132).
 
Scars 
No significant differences (one-way ANOVA’s) were found for the number 
of scars between groups before air-exposure (Figure 3.6; F(2,33) = 1.092; P = 
0.35), directly after air-exposure (F(2,33) = 0.553; P = 0.58) and 60 minutes 
after air-exposure. Thirty minutes after air-exposure control fish had 
significantly more scars than ammonia-exposed fish (one-way ANOVA, F(2,33) 
= 3.544; P = 0.40; Bonferroni post-hoc test, P = 0.04).
For control fish a significant time effect was found (one-way ANOVA, 
F(3,44) = 8.870; P < 0.001). As to the different time-points: 30 minutes 
and 60 minutes after air-exposure the number of scars was significantly 
higher than the basal number of scars (Games-Howell post-hoc test, 
30 minutes, P = 0.006; 60 minutes P = 0.009). All other comparisons 
were non-significant (Games-Howell post-hoc tests). For pair-fed fish a 
significant time effect was found (one-way ANOVA, F(3,44) = 7.365; P < 
0.001). As to the different time-points: 60 minutes after air-exposure the 
number of scars was significantly higher than the basal number of scars 
(Bonferroni post-hoc test, 60 minutes P = 0.001). All other comparisons 
were non-significant (Bonferroni post-hoc tests). For the ammonia-
exposed fish no significant time effect was found (F(3,44) = 2.283; P = 0.09). 
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Discussion
We studied the effects of long-term exposure to a high ammonia 
concentration on total feed intake, growth, basal physiology and aggression-
related parameters, and assessed the allostatic load of an acute stressor (15 
minutes air-exposure), but by accident fish of all groups (control, pair-fed and 
ammonia-exposed) were exposed to a high concentration of copper during 
the experiment. We show that long-term exposure to high ammonia levels 
in combination with high concentrations of copper significantly decreases 
growth and SGR, and increases FCR and plasma osmolality compared to 
control and/or pair-fed conditions. The average ammonia concentration 
during the experiment was lower than intended (121 μM NH3 versus 176 μM 
NH3). 
Effects of long-term ammonia exposure
Basal 
Average TAN concentration did not differ significantly between 4 tanks 
of the experimental treatment. However, the ammonia (NH3) concentration 
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Figure 3.6: Number of scars before, directly after, 30 minutes after and 60 minutes after 
air-exposure. Values are expressed as means + standard deviation and horizontal lines 
indicate significant differences in main effects. Significance is shown as P < 0.05 (*),  P < 0.01 
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varied per day and between tanks. These variations may have been due to 
differences in pH-values across days and between tanks as NH3 concentrations 
are related to the actual pH-values. With the maximum variation in water 
acidity measured (lowest level, 7.16; highest level, 8.13) the ammonia 
concentration in the tanks could have been 8.65 fold higher at pH 8.13 than 
at pH 7.16 at a temperature of 27.2 °C in the tank 129. This variation in pH-
values was also observed by Schram and colleagues 38. The variation in water 
acidity may have been caused by variation in the contents or amount of fish 
excrements, or in differences in microbial activity in the tank. 
Although the average ammonia concentration was lower than intended 
(121 μM versus 176 μM), the lowest average ammonia concentration (after 
the gradual 3 day build-up of the ammonia concentration) was at least 19 
times higher than the highest ammonia concentration in pair-fed and control 
conditions. As we observed clear effects of this concentration on growth, 
specific growth rate, feed conversion ratio and osmolality, this ammonia 
concentration was clearly effective in the present experiment. The EC10 value 
(the concentration at which the analysed parameter is reduced by 10%) for 
total feed intake as determined by Schram and colleagues 38 is 89 μM NH3. 
This is the ammonia concentration at which they calculated to find a 10% 
reduction in feed intake. Here, we observed a 14.2% lower total feed intake 
in fish exposed to 121 μM ammonia compared to control fish. This implies a 
10.1% decrease in feed intake at 89 μM ammonia, similar to that of Schram 
and colleagues 38. However, EC10 for SGR is 122 μM NH3 
38, while we observed 
only a 2.58% decrease in SGR in fish exposed to 121 μM ammonia. The effect 
of ammonia on feed intake is larger than on SGR in our study. This may be 
due to the higher weight of the fish in our study compared to that of Schram 
and colleagues 38. Larger fish are less focussed on growth thereby potentially 
reducing the effect of ammonia on SGR. 
Effects on growth and physiology
We predicted to find results similar to those of Schram and colleagues 38 and 
that fish in control groups would eat more than fish in ammonia-exposed groups. 
Even though we observed 14.2% higher total feed intake in control groups, no 
significant difference was found in total feed intake after 35 days. However, a trend 
is noticeable and prolonging the experiment could have resulted in a significant 
difference. Total feed intake was higher in our study compared to Schram and 
colleagues 38 probably because initial weight and final weight per fish were higher 
than in their study. Relative difference in total feed intake between this study 
(14.2%; 121 μM NH3) and that of Schram is similar (13.7%; 176 μM NH3). 
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Effects of long-term high ammonia concentrations in the water were 
observed on growth, SGR and FCR in this experiment. Control fish showed 
better growth than ammonia-exposed fish, likely due to a combination of 
increased feed intake and lower FCR (though not significant). Similar 
results were observed in pair-fed fish, i.e. lower FCR and increased growth 
(though not significant). A lower FCR is an indication of a more efficient 
conversion of feed into biomass. Especially the effects compared to the pair-
fed condition are noteworthy. The amount of feed given to pair-fed fish is 
determined by the amount of feed consumed by the ammonia-exposed fish. 
Although the total feed intake between the ammonia-exposed and pair-fed 
fish was nearly identical, FCR and growth were still different showing an 
effect of ammonia on efficiency of feed conversion per se. The lower growth 
and SGR, and higher FCR in ammonia-exposed fish, indicate that the focus 
to facilitate growth processes has been reduced due to long-term exposure 
to high ammonia levels, as has been shown in several fish species 38,149-154. 
Energy available for growth processes may be reduced due to the increase of 
the energy consuming transport of ammonium over the gills 145.
We observed overall similar effects of a high ammonia concentration as 
Schram and colleagues 38, i.e. long-term exposure to high ammonia levels 
reduced final weight (growth) and SGR, and increased FCR. However, 
Schram and colleagues 38 reported this only for their highest concentration 
(1084 μM ammonia). Even though, at 176 μM ammonia they noticed only 
a decrease in total feed intake but minor effects on final weight and SGR, 
they calculated an EC10 for feed intake of 89 μM and 122 μM for SGR. In 
addition, we observed a clear increase in osmolality while this is only found 
at the highest ammonia concentration by Schram and colleagues 38. Feed 
conversion ratios of control fish and pair-fed fish were similar compared to 
those of Schram and colleagues 38 while for ammonia-exposed fish it was 
higher in our study than in theirs. Above mentioned observations suggest 
that in this study the detrimental effect of ammonia is stronger than in the 
study of Schram and colleagues 38, likely due to the effect of copper. It has 
been reported that copper can inhibit the excretion and uptake of ammonia/
ammonium via the gills 155,156 and can affect the HPI-axis 147, as was observed 
in this study. 
Even though in this study basal plasma cortisol levels were not affected 
by long-term exposure to ammonia, they were relatively high for African 
catfish. In previous studies with African catfish 39,82,83 basal plasma cortisol 
concentrations ranged between 10 ng/ml and 15 ng/ml, which is about 4-5 
times lower than observed here (57.58 ± 42.90 ng/ml). Also for ammonia-
exposed fish levels were about 1.7 fold higher than in the study of Schram 
and colleagues 38: compared to the 176 μM ammonia group (37.13 ± 36.28 
ng/ml versus 22.51 ± 13.99 ng/ml). These data suggest that the fish in this 
experiment have an increased basal HPI-axis activity. In this experiment fish 
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of all groups have by accident been exposed to increased copper levels in the 
water for a prolonged period. Increased basal cortisol levels are associated 
with higher than normal copper levels in the water 147. It is known that copper 
can activate the adrenergic stress response as well as the HPI-axis in fish, 
thereby increasing the production and release of cortisol 147. This may explain 
the high basal cortisol levels found in this study and possibly the stronger 
effects of ammonia in the present experiment compared to that of Schram 
and colleagues 38. 
Copper exposure
It should be noted that the copper exposure was only noted after the 
experiment had been completed; we were not informed about the installation 
of a copper pipe in the water main. We did not observe any effects of the 
copper exposure (which became evident only when stored water samples 
taken for general monitoring had been analysed) on the behaviour, growth 
or total feed intake of the fish in the course of the experiment. Hence, the 
analyses of copper and oxygen levels were done after the experiments. 
Directly after the installation of the copper pipe there was a decrease of the 
oxygen concentration in all tanks. Due to the buffer volume of the header 
tank the increase of copper in the aquaria was gradual and initially relatively 
small. Nevertheless, oxygen levels in the aquaria decreased rapidly and 
remained low for 9 days. As to the underlying reasons for this we can only 
speculate. Due to the copper-induced changes in stress-axis physiology 147, 
fish may have increased oxygen consumption to adapt to, or cope with the 
new conditions, leading to temporary lower levels of oxygen in the water. 
Similar behaviour to copper exposure has been shown in common carp 157. 
Oxygen consumption of carp increased with increasing concentrations of 
waterborne copper until critical oxygen levels in the water were reached and 
fish started to lose equilibrium. However, African catfish are facultative air-
breathers and can thereby compensate for lower oxygen levels in the water 
4. Belão and colleagues 4 showed that oxygen levels below 3.11 mg/l start 
to affect gill ventilation frequency and cardiac rhythm. Thus with average 
oxygen concentrations below 2.8 mg/l for 9 days it is remarkable that we 
did not observe any fish that lost their equilibrium nor any mortality in 
our experiment. In fact from the feed intake curve it can be seen that there 
was a steady increase across days with no apparent dip during this period. 
Facultative air-breathing may have helped catfish to survive during this 
period of low oxygen levels.
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Basal plasma osmolality was increased in ammonia-exposed fish 
compared to control fish and pair-fed fish. It is known that under normal 
circumstances ammonium can be excreted via the gills by use of Na+/H+ 
exchanger 2 and 3 145. In this process sodium is transported into the cell 
while NH4
+ is excreted resulting in an influx of Na+, thereby potentially 
increasing plasma osmolality. However, it has been shown in trout that 
copper decreases plasma sodium and chloride 158, whereas plasma calcium, 
potassium, magnesium and total plasma ammonia can increase strongly in 
salmonids 159. The osmolality of plasma from control fish is similar to that in 
previous studies with African catfish 39,40,83. Plasma osmolality of ammonia-
exposed fish in our study is higher compared to that of Schram and colleagues 
38, even though in their study the ammonia concentration was higher. Thus 
the higher plasma osmolality in ammonia-exposed fish in this study may 
originate from increased total plasma ammonium. This is likely an effect of 
long-term exposure to copper. 
Basal metabolic indicators did not indicate increased energy demand 
(basal plasma glucose, lactate and NEFA) to compensate for higher ammonia 
levels in the water. Furthermore, there is almost no difference in mean basal 
plasma glucose nor plasma lactate between our study and that of Schram and 
colleagues 38, and this suggests that basal metabolism was not affected by the 
increase of ammonia and copper in this experiment. 
Stress response and recovery 
We predicted that a chronic ammonia stressor would increase the allostatic 
load of an additional air-exposure. The acute stress response (directly after 
air-exposure) of African catfish was not influenced by ammonia exposure as 
there was no difference in plasma cortisol and plasma glucose levels between 
control fish and ammonia-exposed fish. Even though air-exposure had an 
effect on plasma cortisol and plasma glucose the effect was relatively small 
compared to basal levels. Plasma cortisol levels increased only 1.4 fold after 
stress whereas in previous studies with African catfish an increase of 2 - 5 
times was observed 82,83. As absolute plasma cortisol levels directly after air-
exposure are similar to previous studies 82,83, the abnormal high basal cortisol 
levels (probably caused by exposure to copper) may be related to this. 
We show that long-term ammonia exposure had no effect on the time 
necessary to recovery from air-exposure. Within 30 minutes plasma cortisol 
levels returned to basal level for all groups, showing that long-term ammonia 
exposure did not affect recovery period for African catfish. African catfish are 
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sturdy fish and can recover quickly from acute stressors 83. It is noteworthy 
that after a recovery period of 60 minutes plasma cortisol levels even seemed 
to have decreased below basal levels (though not significantly). This decrease 
is likely facilitated by a strong negative feedback of cortisol on HPI-axis 
activity 74. 
Glucose levels are increased by air-exposure and remain higher in all 
groups even after 60 minutes recovery, suggesting an increased energy 
metabolism to compensate for the negative effects of the stressor. Similar 
prolonged plasma glucose elevations 60 minutes post-stress have been 
shown in other African catfish studies 27,83. 
Schram and colleagues 38 suggested that for African catfish ammonia 
concentrations in the water should not exceed 24 μM to prevent poor welfare 
and negative effects on growth. In this study we did observe effects on SGR 
and FCR, but long-term ammonia exposure did not change the allostatic load 
of air-exposure even though average ammonia levels were 5 times higher than 
recommended by Schram and colleagues (24 μM) 38. Although we do not have 
a non-copper control in this study, we tried to unravel how increased copper 
levels affected the impact of high ammonia levels. In this study the negative 
effects of long-term ammonia exposure are better reflected by changes in 
total feed intake, SGR and FCR than by differences in the allostatic load of 
an acute stressor. 
The amount of scars increased after air-exposure in the control and pair-
fed groups. However, in the ammonia-exposed group the amount of scars did 
not increase after air-exposure. We speculate that the fish were too exhausted 
to show antagonistic behaviour after air-exposure, as informal observations 
during air-exposure suggested that fish were very inactive. This suggests that 
exposure to high copper levels and high ammonia concentrations can overtax 
the adaptive capacity of the fish.
Conclusions
Even though, long-term ammonia exposure did not affect the capacity to 
recover from an air-exposure challenge in this experiment, we observed no 
increase in aggression in the ammonia-exposed fish in contrast to control 
and pair-fed fish. We show that long-term exposure (30 days) to 121 μM 
ammonia had a negative effect on total feed intake, growth, SGR, FCR and 
osmolality, while at a higher ammonia concentration (176 μM) Schram and 
colleagues found only significant effects on feed intake, SGR and plasma 
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glucose. The strong effects of ammonia in the present study might be related 
to the additional exposure to copper.
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Abstract
Of the many stressors in aquaculture, transportation of fish has remained 
poorly studied. The objective of this study was therefore to assess the effects 
of a (simulated) commercial transport on stress physiology of market-
size African catfish (Clarias gariepinus). Catfish weighing approximately 
1.25 kg were returned to the farm after 3 hours of truck-transportation, 
and stress-related parameters were measured for up to 72 hours following 
return. Recovery from transportation was assessed through blood samples 
measuring plasma cortisol, glucose and non-esterified fatty acids (NEFA) 
and gill histology. Also, the number of skin lesions was compared before 
and after transport. Pre-transport handling and sorting elevated plasma 
cortisol levels compared to unhandled animals (before fasting). Plasma 
cortisol levels were further increased due to transportation. In control fish, 
plasma cortisol levels returned to baseline values within 6 hours, whereas 
it took 48 hours to reach baseline values in transported catfish. Plasma 
glucose and NEFA levels remained stable and were similar across all 
groups. Transported catfish did not, on average, have more skin lesions than 
the control group, but the number of skin lesions had increased compared 
to unhandled animals. The macroscopic condition of the gills was similar 
in control, transported and unhandled catfish; however, light microscopy 
and immunohistochemistry revealed atypical morphology and chloride cell 
migration normally associated with adverse water conditions. From our 
data, we conclude that transportation may be considered a strong stressor 
to catfish that may add to other stressors and thus inflict upon the welfare 
of the fish.
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Introduction
The world’s human population is increasing daily and so is the demand for 
food. A growing source of protein is fish. The amount of fish caught in the wild 
has become stable over the past years; the farming of aquatic animals has been 
growing rapidly and is expected to continue to grow at least till 2025 109. The rapid 
growth of aquaculture activities causes public concern about the sustainability of the 
aquaculture sector.
An important aspect of sustainability is animal welfare. Although animal welfare 
has been defined in different ways 67-71, key to all definitions is that poor welfare is 
associated with overtaxing the adaptive capacity of animals 72 (allostatic overload), 
which may result in chronic stress-related physiology and behaviour, pathology, and 
increased mortality. Successive or cumulative exposure to stressors may compromise 
the adaptive capacity of an animal and lead to allostatic overload and poor welfare 
68,71. It is therefore important to identify the effects of stressors in aquaculture 
conditions. Globally, the production of African catfish is increasing rapidly, with an 
estimated global production of 194,000 tonnes in 2011 *. Here we studied the effects 
of (a simulated) transportation of an important species for Dutch aquaculture, 
namely the African catfish (Clarias gariepinus), from farm to slaughterhouse, as (in 
general) transport is still poorly understood in terms of stress 160.
During transport, fish are exposed to a multitude of stressors such as density 
changes, handling stress, water movement, noise, vibrations and poor water 
conditions. Exposure to such stressors simultaneously or in rapid succession may 
induce severe physiological stress 72,73. For land animals, it has been clearly shown 
that transportation under inappropriate conditions causes severe stress and leads 
to poor welfare 69,161. The limited number of studies in fish species indicates that 
transport increases plasma cortisol levels in Atlantic salmon 162, rainbow trout 
163 and stingray 164,165. While in these studies, growth rate and mortality were not 
affected following transport, it was not clear how levels of cortisol changed following 
transport. To add to this (limited) body of knowledge on stress in fish following 
transport, we simulated an overland transportation of the African catfish and studied 
stress physiology and recovery.
Market-size catfish were transported for 3 hours in a commercial setting and 
returned to the farm (instead of ending at the slaughterhouse). Upon return, the 
following stress-related parameters were measured: plasma levels of cortisol, glucose 
123 and non-esterified fatty acids (NEFA) 124 as well as gill morphology 65 and number 
of skin lesions 127,128,166. One group was sampled directly upon return (T0), while four 
other groups were sampled at 6, 24, 48 and 72 hours following transport. Controls 
were held under identical holding conditions, but they were not transported and 
remained at the farm.
* http://www.fao.org/fishery/culturedspecies/Clarias_gariepinus/en
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Materials and methods
Ethics
All experiments were approved by the Animal Ethics Committee of 
Wageningen UR and were conducted in agreement with Dutch laws (Wet op 
de Dierproeven 1996) and European regulations (Directive 86/609/EEC).
Weather conditions
The experiment was carried out in The Netherlands during spring (June 
2010). Weather conditions at the day of transportation and during the week 
of sampling were approximately as follows: no rainfall, ambient temperature: 
14 °C, clouded (5 octas) and an average wind speed of 3 m/s.
Experimental details
Of the 1,500 African catfish (Clarias gariepinus; mixed sexes; 1 - 1.5 kg) 
used in this study, 150 were killed for analysis; the remaining fish were sold 
for slaughter. Figure 4.1 shows a schematic overview of the experiment and 
experimental groups. A more detailed description is given hereafter.
The husbandry conditions at the farm for fish weighing 1 - 1.5 kg were 
stocking density up to 250 kg/m3, water temperature of 27 °C and a 0:24 
hours light-dark cycle (continuous twilight); food was provided at 07.00, 
15.00 and 23.00 o’clock.
The farmer who participated in this study focuses on the on-growing 
phase, which ranges from 10 to 1,500 g. The fish are reared in large concrete 
tanks, which are part of a recirculating aquaculture system (RAS). Depending 
on their life-stage, fish are kept in 4,000 or 12,000 l tanks. African catfish is 
an air-breathing fish, and therefore, the farmer does not monitor the oxygen 
levels in the tanks.
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At the farm, the market-size catfish are fasted prior to transportation 
to the slaughterhouse. Food is being withheld for 24 hours in the RAS; 
subsequently, animals are transferred to flow-through tanks (21 - 23 °C, 
pH 6.9, a 0:24 hours light-dark cycle) where the fish are fasted for 48 hours 
to remove undesirable off-flavours. After this 72-hours fasting period, the 
farmer considers the fish to be ready for transport.
At the day of transport, the fish experienced a drop of approximately 
40 cm when transferred from the, by now, drained flow-through tank to an 
empty container to weigh the fish before transport (subgroup or tank); the 
control group that remained at the farm was handled the same way.
Subsequently, each subgroup (125 kg fish) experienced a drop of 
Rearing Tank (1500 fish)
Fasting Tank 
(Control; 500 fish)
Fasting Tank 
(Transport; 500 fish)
Fasting Tank 
(Transport; 500 fish)
Grown up to 1-1.25kg
Fasting for 72 hours
Each fasting tanks was split into five transport tanks (100 fish each)
Control: three hours stationed at the farm
Transport: three hours of overland transportation
Fasting for 72 hours Fasting for 72 hours
Control tank T0
Control tank T6
Control tank T24
Control tank T48
Control tank T72
⬇ Sampling times after transport   ⬇
Transport tank T0
Transport tank T6
Transport tank T24
Transport tank T48
Transport tank T72
Transport tank T0
Transport tank T6
Transport tank T24
Transport tank T48
Transport tank T72
Unhandled
(10 fish)
Handled
(10 fish/fasting tank)
Control & Transport
(10 fish/time-point)
Figure 4.1: Experimental set-up. Fish were sampled during standard housing 1 
week prior to the experiment to assess unhandled plasma values, skin lesions and 
gill morphology. Directly after subdividing into transportation tanks, fish were 
sampled to assess stress physiology as a result of handling and fasting. After 3 
hours of transportation and return to the farm (transported fish), or stay at the 
farm (control fish), fish were sampled after 0, 6, 24, 48 and 72 hours of recovery.
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approximately one metre during transfer to a partially filled (125 l) 600 l 
plastic tank (120 × 100 × 79 cm, grey pallet box; Hulkenberg,’s Heerenberg, 
The Netherlands). These tanks were similar in size and volume as the 
transportation tanks normally used by the slaughterhouse. In all groups 
(controls and transported), the density increased from 250 kg/m3 (husbandry 
and fasting) to 500 kg/m3 (transportation tanks). A stocking density of 
500 kg/m3 is a common practice during transportation of African catfish to a 
slaughterhouse in The Netherlands. Tanks were covered with a plastic export 
pellet (120 × 100 cm, nestable; Hulkenberg,’s Heerenberg, The Netherlands) 
to avoid escape and loaded onto the truck via a forklift. During transportation, 
tanks were not provided with aeration or temperature control. However, the 
truck was well insulated leading to limited loss of temperature (as shown in 
Table 4.1; directly after transport at T0).
Upon return, the truck was unloaded and each tank was supplied with fresh 
ground water (flowrate; 10 l/hour) to lower density from 500 to 250 kg/m3 as 
practiced and recommended by the farmer. For water outflow, each tank was 
equipped with an outlet; water was not recirculated, as this is practice for 
non-fed fish in flow-through tanks at the farm. Control tanks were hooked up 
to the flow-through system after a 3-hours waiting period.
Due to the limitations in space at the farm, only three groups (500 fish per 
group) could be included in the experiment. The authors have chosen for one 
control group and 2 transported groups.
Water quality
Samples to assess water quality were collected moments before fish were 
randomly taken from their holding tanks for sampling. Water quality was 
assessed on the basis of concentrations of total ammonia nitrogen (TAN, 
expressed as NH3-N mg/l), nitrite (in NO2
--N mg/l) and nitrate (in NO3
-
-N mg/l). These parameters were analysed spectrophotometrically (Hach 
Lange Spectrophotometer DR 5000 UV/VIS; Hach Lange GmbH, Berlin, 
Germany), using protocols of Hach Lange. In addition, levels of dissolved 
oxygen (mg/l), pH and tank water temperature were analysed with a Hach 
Lange HQ40d multi-analyser (Hach Lange GmbH, Berlin, Germany).
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Euthanasia and sample collection
At the time of sampling, 10 fish were removed at random from the 
tanks by netting and placed within a water-filled tub containing 0.1% (v/v) 
2-phenoxyethanol (Sigma, St. Louis, MO, USA). Once deeply anaesthetised 
(always within 1 minutes), one ml blood was drawn with heparinised syringes 
and collected in reaction vials (Eppendorf, 1.5 ml) and immediately put on 
melting ice. Subsequently, reaction vials were centrifuged (18,000g, 4 °C, 
10 minutes), and blood plasma was separated from blood cells and stored at 
-20 °C until analysis.
Gill tissue was excised and put into 50 ml Greiner tubes containing 
BOUIN’s fixative filtrated saturated picric acid, saturated formaldehyde 
(37%), glacial acetic acid (15:5:1 ratio) and stored at room temperature over-
night. The following day, the fixative was replaced with 50% ethanol, which 
was refreshed once within 24 hours.
After blood and gill tissue had been collected, the fish were killed by 
transection of the spinal cord just behind the skull.
Gill morphology and immunohistochemistry
Immunohistochemistry was done according to the methods of Metz 
and colleagues 167. In brief, fixed tissue was dehydrated in serial ethanol 
concentrations and embedded in paraffin. Seven μm sections were mounted 
on gelatinised glass slides and dried. After paraffin removal, slides were 
placed in 2% (v/v) H2O2 to neutralize endogenous peroxidase activity for 
use in immunohistochemistry. Subsequently, non-specific binding sites 
were blocked with 2% (v/v) normal donkey serum, and the slides incubated 
overnight with monoclonal antibody against chicken Na+/K+-ATPase (IgGα5, 
Developmental Studies Hybridoma Bank, Department of Biological Sciences, 
University of Iowa, USA) at a final dilution of 1:300 (v/v). Goat anti-mouse 
(Nordic Immunology, Tilburg, The Netherlands) was used as secondary 
antibody at 1:200 (v/v) dilution. Slides were subsequently incubated with 
the Vectastain ABC Kit (Vector Laboratories Inc., Burlingame CA, USA). 
Staining was performed in 0.025% (w/v) 3,3′-diaminobenzidine (DAB) and 
0.0005% (v/v) H2O2.
The number of chloride cells was determined by averaging the number of 
cells counted (by 2 researchers) on 20 lamellae of a single filament. A total 
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of 6 filaments were analysed for each fish and ten individuals per group were 
used. For morphological comparison, we used previously published data 
from laboratory housed African catfish 38. Here, increasing levels of ammonia 
in the water caused deterioration of gill epithelia.
Skin lesions
At each of the sampling moments fish were checked for skin lesions. The 
number of skin lesions (including lesions on fins and barbless) was derived 
from 2 separate counts per fish performed by 2 researchers. Both new/recent 
(bloody) and old (scar tissue) lesions were included.
Plasma analysis
Cortisol was measured as previously described by Gorissen and colleagues 
130. Briefly, 96-well microtiter plates were coated with mouse cortisol-
antibodies in coating buffer. Plates were cleared of coating buffer and washed 
with a wash buffer before blocking possible non-specific binding sites with 
blocking buffer. Wells were cleared of blocking buffer and 10 μl of standard 
or sample, together with 90 μl of tracer, was added to the wells. After the 
incubation period wells were cleared and washed before scintillation liquid 
was added and radioactivity measured with a β-counter (detection limit: 
4 ng/ml; inter-assay VC: 12.5% and intra-assay VC: 2.5%). Glucose and 
NEFA were measured using commercially available kits (Wako Chemicals 
USA Inc., Richmond VA, USA).
Statistics
Statistical analysis was performed using Kruskal-Wallis to test for significance 
over time. To test for significance between groups the Mann-Whitney U-test, 
unpaired t-test or unpaired t-test with Welch’s correction was used, depending 
on sample distribution. Significance was set at P ≤ 0.05 (two-tailed); all values 
are expressed as means ± standard deviation (s.d.), unless otherwise indicated.
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Results
Water quality
Throughout the experiment water quality was monitored (Table 4.1). 
During 3 hours of transport, water conditions slightly deteriorated (compared 
to ground water), but remained within acceptable conditions 4,38,39,168. TAN, 
NO2
- and NO3
- were increased in both control and transport tanks after 3 
hours (T0). Although tanks were not provided with aeration of the water, 
oxygen levels increased during the first 3 hours from 2.0 mg/l (ground water) 
to 6.0 mg/l (T0). Once tanks had been provided with fresh ground water (T6 
- T72), values returned to those found in the fasting tanks. The only exception 
to this is TAN, which remained lower (16.05 versus 2.72 - 7.01 mg/l).
Gill morphology
Immunohistochemistry revealed that the position and number/density of 
chloride cells in the gills did not differ between transportation and control 
groups (Figure 4.2a - c; data not shown). However, when compared to gill 
tissue taken from African catfish exposed to different levels of ammonia 
under laboratory conditions 38, gill morphology of these farmed fish 
appeared deteriorated in all groups (i.e. the condition of the gill epithelia was 
Ground water was used as fresh water in both the fasting tanks and experimental tanks. 
Values shown are single measurements, taken moments before.
Table 4.1: Water quality of water used at the farm and in our experiment.
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reminiscent of that of fish exposed to higher levels of waterborne ammonia). 
Compared to control animals from the ammonia experiment, farmed fish 
showed both thickened inter-lamellar and lamellar epithelium and a reduced 
inter-lamellar space. In addition, chloride cells were found to have migrated 
from the filament position towards the tips of the lamella.
Skin lesions
Transported fish did not have more skin lesions than those held under control 
conditions (Figure 4.3). When compared to conditions before transportation, however, 
the number of skin lesions (transported and controls: on average 12 lesions/fish) was 
1.5 fold higher than prior to fasting (unhandled fish: on average 8 lesions/fish).
a b
c
Figure 4.2: Histology of gill epithelium immunohistochemically stained for Na+/
K+-ATPase-rich cells (chloride cells) taken from a, unhandled catfish, b, directly after 
transportation (T0) and c, 3 days after transportation (T72). No difference in morphology 
nor in the number or location of the chloride cells was observed between groups (including 
those not shown, i.e. at T6, T24 and T48 and control groups). However, gill morphology 
in all fish looked somewhat deteriorated: thickened lamellar & interlamellar epithelium 
and chloride cells positioned outside the interlamellar epithelium (migration towards 
the tips of lamellae). Legend: ile interlamellar epithelium, le lamellar epithelium, ils 
interlamellar space, cc chloride cells, gf gill filament, gl gill lamella. x400 magnification.
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Stress parameters
Cortisol
Before transportation plasma cortisol levels were low (unhandled; < 
10 ng/ml; Figure 4.4). When fish were prepared for transport (handled), 
plasma cortisol levels significantly rose above unhandled levels (35 ng/
ml). During 3 hours of transport, plasma cortisol levels increased further to 
50 ng/ml, while plasma cortisol levels in not-transported (controls) did not 
(30 ng/ml). Six hours later (T6), plasma cortisol levels in control fish had 
already returned to unhandled levels. In transported fish, however, cortisol 
levels in plasma remained significantly higher till 48 hours after return to the 
farm. At that point values were also no longer significantly different from the 
control group and unhandled group.
Glucose and NEFA
Plasma glucose (Figure 4.5a) did not change significantly between 
controls and transported animals. After 48 hours a significant drop in 
plasma glucose was observed in both the transported and control group 
compared to unhandled and handled animals. Similar results were obtained 
for plasma NEFA (Figure 4.5b). NEFA did not differ significantly between 
the transported and control group, but over time plasma NEFA levels rose 
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Figure 4.3: The mean (+ standard deviation) number of skin lesions per fish for 
unhandled, control and transported fish. Lesions refer to both new/fresh sustained injuries 
and older (scar tissue) lesions. Unhandled: n = 10; control: n = 50; transported: n = 100.
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above unhandled levels in both the transported and control group (from T24 
onwards in transported fish, from T6 onwards in controls).
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Figure 4.4: Mean (+ standard deviation) plasma cortisol levels for catfish under standard 
conditions (unhandled; grey), after fasting and handling (grey) and in control (white) 
and transported (black) groups during recovery. On-growing catfish have low levels of 
plasma cortisol (<10 ng/ml), which increase after sorting and readying for transportation 
(handling). After 3 hours of staying at the farm plasma levels remained high in control fish, 
whereas plasma cortisol in transported fish increased even further (T0). During the 72 hour 
recovery period, plasma levels return to baseline values at T6 (control) and T48 (transported). 
Unhandled and control: n = 10; handled: n = 30; transported: n = 20. P < 0.05 (*), P < 0.01 (**) 
or P < 0.001 (***) between transported and control at the same time-point. Letters indicate 
significance over time within control (lower case letters) or transported (capital letters) 
groups. Data-points with the same letter are not significantly different from each other.
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Figure 4.5: Mean (+ standard deviation) plasma levels for a, glucose and b, NEFA for 
catfish under standard conditions (unhandled; grey), after fasting and handling (grey) and 
in control (white) and transported (black) groups upon recovery. Glucose and NEFA levels 
for on-growing catfish (basal) were 5.8 and 0.25 mM, respectively. In both transported and 
control fish, plasma glucose remained stable, but dropped in both groups below unhandled 
conditions after 48 hours. In contrast, plasma NEFA levels rose above unhandled values after 
24 hours of recovery (T24) in transported fish and 6 hours (T6) in control fish. Unhandled 
and control: n = 10; handled: n = 30; transported: n = 20. P < 0.05 (*), P < 0.01 (**) or P < 
0.001 (***) between transported and control groups at the same time-point. Letters indicate 
significance over time within control (lower case letters) or transported (capital letters) 
groups. Data-points with the same letter are not significantly different from each other.
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Discussion
This experiment provides novel insights on the stress status of African 
catfish after a (simulated) commercial overland transport; experiments 
monitoring recovery after transport are rare and have been, to the best of 
our knowledge, only been performed in a few other fish-species, i.e. Atlantic 
salmon 162, rainbow trout 163 and stingray 164,165. The data of our study show 
that (1) water quality remained within acceptable limits during a (simulated) 
commercial 3-hours transport; (2) gill morphology was not altered as a result 
of transport, although gill morphology was deteriorated in all sampled fish; 
(3) the number of skin lesions had increased in transported and control fish 
compared to values in unhandled fish; (4) plasma cortisol levels were increased 
due to on-farm fasting followed by handling preceding transportation, and 
more strongly so, and for a longer period of time, when fish were transported 
in addition; (5) plasma glucose and NEFA levels remained unaffected by 
handling and transport, but were slightly changed after 48 hours of recovery.
Even though transportation tanks were not accommodated with fresh 
water and fish density was high (500 kg/m3 at transportation and 250 kg/
m3 at the farm), water quality only slightly deteriorated during the 3 hours 
of transport (compared to ground water). The 72 hours of fasting prior to 
transportation likely prevented a poor water quality. This fasting period 
ensured that fish did not have food in their digestive tract, which was indeed 
confirmed upon autopsy at sampling (data not shown). This prevented the 
fish from emptying their stomach when stressed, lowered their metabolism 
and, as a consequence, decreased the excretion of nitrogenous waste products 
by the fish to the water.
Calculated values of unionized ammonia 129 did not exceed the criterion 
of 0.34 mg NH3-N/l for this species 
38. For African catfish nitrite-nitrogen 
levels should not exceed 1.5 mg/l in absence of chloride 168. Here, nitrite 
levels remained well below this value. Furthermore, although nitrate levels 
did increase 7 fold in both transportation and control tanks, they remained 
far below the recently proposed maximum of 140 mg/l nitrate-nitrogen 
39. Temperature of the water in the tanks remained around a constant 20 
degrees. Temperatures ranging between 18 and 28 °C occur in the natural 
habitat of this species 169. For dissolved oxygen no criterion for the African 
catfish has been published. It is known that for rearing at farms the levels 
of dissolved oxygen in water may vary between 0.5 and 3 mg/l 170. Here, all 
measured values for oxygen were substantially higher than the lower reported 
value of 0.5 mg/l. However, it has also been shown that an oxygen level of 
3.2 mg/l (60 mmHg) or higher is desired for African catfish held at 25 °C. 
Higher concentrations do not significantly increase oxygen uptake from the 
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water, whereas lower levels rapidly decreased VO2 via the gills, which was 
compensated by increasing air-breathing frequency 4. Summarising: values 
for unionized ammonia, pH, nitrate, nitrite and temperature were within the 
range that is considered not to affect the welfare of African catfish.
For fish it is known that, as a secondary response to stress, the morphology, 
incidence, frequency, density and the position of chloride cells in the gill 
epithelium may change compared to stress-free conditions 65,171. There was 
no difference in morphology, the number or the position of chloride cells 
between unhandled, controls and transported catfish. However, unexpectedly 
the overall gill morphology appeared somewhat deteriorated. When these 
gills were compared with gills from a previous experiment under laboratory 
conditions 38, they were reminiscent of those of fish exposed to elevated levels 
of unionized ammonia that exceeded the criterion of 0.34 mg NH3-N/l. This 
suggests that the fish at the start of this experiment were reared under less 
than optimal water conditions preceding transportation. We did not measure 
TAN levels over 0.34 mg NH3-N/l that could explain the deteriorated gill 
morphology. It is, however, possible that a prolonged intensive rearing 
and feeding history may have demanded morphological changes at the 
level of the gills related to feeding-associated spikes in nitrogenous waste. 
Although gill morphology was found to be deteriorated, fish were considered 
fit for travel as no signs of poor health were observed prior or during the 
experiment. Future experiments should determine whether deterioration of 
gill morphology affected the overall results of the experiment.
No differences in the number of skin lesions of transported fish compared 
to control fish were observed. However, when controls or transported fish 
were compared to unhandled fish (baseline), the number of skin lesions 
was increased. This could be due to injuries sustained during preparation 
for transportation, i.e. draining the holding tank of water and consequently 
increased density, the 40 cm drop into empty crates, weighing and exposing 
fish to a second drop of 1 metre into water-filled transportation tanks. 
Another cause could be aggressive acts between fish, either provoked by 
stress 127,128,166 or by the struggles to establish a new hierarchy 172, as groups 
were split into new tanks; disrupting existing and calling for a new hierarchy 
to be established.
Handling of the fish after the fasting period, but prior to transportation 
caused a mild, yet clear increase in plasma cortisol levels. Control animals 
did not show signs of recovery within the first 3 hours after handling stress, as 
measured by the plasma cortisol levels directly after transport (T0). Previous 
experiments have shown that cortisol levels start to drop immediately after 
removing the stressor (after 50 minutes confinement) in channel catfish 
173, but remain above baseline values for at least 100 minutes. Unpublished 
results from our laboratory have shown that cortisol levels returned to 
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baseline values within 30 minutes after removing a stressor (15 minutes of 
air-exposure/crowding) in the African catfish.
A number of factors may have been responsible for the latency in 
recovery (9 hours after handling) in the control group. At time-point T6, 
plasma cortisol levels in control fish were no longer significant compared 
to unhandled fish. This is 6 hours after fish density returned to a value of 
250 kg/m3 housing conditions (half the density of transport conditions). This 
could suggest that the change in density may have been a stressor in our set-
up, causing increased levels of plasma cortisol. Secondly, fish were placed in 
a new environment when placed in the transportation tanks, which may have 
evoked anxiety and stress 174 and it may have taken some time before fish 
were adapted to this new environment 175. Thirdly, the group composition 
was changed as fish were divided over (transportation) tanks and this could 
have instigated the formation of a new hierarchy. Higher levels of basal 
cortisol are known to be associated with hierarchy formation in mammals 
176. This may be similar in fish. Fourthly, the stressor applied here may have 
been more severe (both in duration and intensity) than the stressor applied 
by Davis and Small 173, leading thus to more elevated plasma cortisol levels. 
Fifthly, it is possible that plasma cortisol levels measured after 3 hours were 
actually declining from a higher value earlier; i.e. cortisol peak values could 
have been highest somewhere during the 3-hours waiting period at the farm. 
In the experimental setup, due to limitations in space at the farm, it was 
impossible to have included extra groups to control for these factors.
Compared to control fish, transported fish showed even higher levels of 
plasma cortisol directly after transport. In addition, it took longer (8 fold) 
for plasma cortisol levels to return to baseline values in transported fish. 
This (prolonged) recovery time was estimated as a 4 on a scale of 1 - 5 by 
Dalla Villa and colleagues 160, where 1 is given as a mark to adverse effects 
lasting up to 3 hours and 5 given as a mark for adverse effects more than 
72 hours. This indicates that overland transportation is, as anticipated, a 
stressful experience in line with data on transportation of land animals 69,161. 
In contrast, cortisol levels during transportation of salmon in well-boats 
returned to normal during transportation 162. Only when transportation took 
place during rough weather, which could be considered a stressor, did plasma 
cortisol levels remain elevated 162. During overland transportation fish are 
exposed to additional stressors, such as vibrations coming from the truck, 
constant water movement and unpredictable (traffic) noise. Such additional 
stressors during overland transportation could explain the increase in plasma 
cortisol and prolonged recovery time observed in transported animals.
Unlike shown in previous studies 123, there was no significant increase in 
plasma glucose when fish were stressed (handled) compared to fish under 
baseline conditions. A possible reason could be that glucose levels had 
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already decreased after the 72 hours fasting period where food was withheld 
and temperature lowered and that the handling stress brought glucose back 
to unhandled levels. Unfortunately, due to the experimental design, i.e. 
(simulated) commercial practice, we were unable to take plasma samples 
directly after 72 hours of fasting (prior to handling). During the course of 
the experiment, plasma glucose levels were steady in both transported and 
control fish, up till T48, where a decline was observed. At the same time, 
plasma cortisol levels slowly increased. It has been reported that cortisol 
levels rise when fish are fasted for longer periods of time 177 and that this 
rise can be initiated by a drop in plasma glucose 178. In addition it appeared 
that the plasma glucose levels were inadequate to provide all the energy 
needed, as there was a rise in plasma NEFA levels around the same time as 
the glucose levels dropped. Normally NEFA levels are low in healthy animals 
and an increase in NEFA levels is often associated with fasting and indicative 
of a negative energy balance 124. Although it remains unclear whether our 
results result from fasting, it is not uncommon for plasma NEFA levels to 
increase during periods of fasting and this has been previously observed 
among others in common carp (Cyprinus carpio) 179.
Conclusions
Our observations provide novel insight in the status of the African catfish 
during a (simulated) commercial overland transport. The data show that 
overland transportation is a significant stressor requiring a recovery period 
of 48 hours. Overland transportation exposes fish to a multitude of stressors 
that jointly may impose a significant allostatic load to the animals 68,71,73. 
Cumulative effects of stressors could lead to allostatic overload, eventually 
leading to adverse consequence such as (sudden) death 72.
The catfish is known for its sturdiness and transportation conditions 
described here appear to be tolerated by this species as we did observe 
recovery and no mortality. It should be noted, however, that fish used in this 
experiment returned to the farm instead of ending at a slaughterhouse and 
that conditions at the farm are not similar as those found at slaughterhouses; 
here, fish would likely be exposed to additional stressors such as adverse 
water conditions 38 and drops in water temperature 180. Thus, given the fact 
that the stress-axis is already activated in transported catfish, it is entirely 
conceivable that fish may experience distress from additional stressors at 
slaughterhouses and suffer from allostatic overload leading to enhanced 
risk of the (immediate) outbreak of disease, sudden death or (in general) 
poor welfare. In similar vein, when husbandry conditions on farms are 
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suboptimal, transportation alone may easily impose allostatic overload and 
thus increased risk of disease, sudden death or (in general) poor welfare.
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Abstract
The objective of this study was to assess the effects of transportation of 
marketable eel (0.15 kg) in The Netherlands with respect to welfare. Eels 
(Anguilla anguilla) were obtained from a commercial farm and acclimatised 
for 7 weeks at the laboratory. Fish were transported according to regular 
commercial procedures. The animals were placed in water-filled transport 
tanks on the trailer. Fish density increased from 72 kg/m3 (husbandry) to 
206 kg/m3 (fasting) and was further increased to 270 - 290 kg/m3 during 
transport. Fish transport lasted 3 hours after which the eels were returned 
to laboratory recirculation systems to measure parameters indicative of 
stress load, i.e. mortality, plasma cortisol, lactate and non-esterified fatty 
acids (NEFA) as well as gill morphology. Samples were taken at 0, 6, 24, 
48 and 72 hours after transport in transported fish and not-transported 
counterparts (controls). Transportation affected water quality within known 
tolerable limits. No mortality during or after transport was observed. After 
6 hours, plasma cortisol levels had returned to baseline. However, energy 
metabolism had increased suggesting that transportation of eels resulted in 
an increased energy demand that lasted for at least 72 hours in the fasted 
animals. Thus, it is conceivable that exposure to adverse conditions, prior 
to stunning/killing, in a slaughterhouse may result in allostatic overload in 
eel.
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Introduction
In aquaculture live fish are transported on farms, between farms and 
from a farm to a processing facility to slaughter or kill them. In general, 
transportation of fish comprises the following steps (1) fasting that may 
range from 24 to 168 hours, depending on species and water temperature; 
(2) crowding, which is followed by capture; (3) loading a transport vehicle; 
(4) transport while being kept in a tank or closed bag; (5) unloading of fish 
and; (6) releasing fish in a new environment or handling them to commence 
slaughter 160. A limited number of studies show that transportation of live 
fish may induce strong stress responses that can affect behaviour, physiology 
and general health of fish over a prolonged period thereafter 181-185 described 
that handling and crowding, which are part of transportation, influence 
susceptibility of fish to disease. These studies thus show that transportation 
of live fish may impair their welfare.
To protect the welfare of animals during transport, the European Council 
Directive 2006/88/EC 186 was issued. Companies must keep records of all 
movements of aquaculture animals and products into and out of the site 
or sites and of mortality of animals during transport. The lack of further 
requirements for fish in the Directive can be traced back to the limited 
available body of research data on transportation of farmed fish as indicated 
above. However, this limited number of studies has shown that transportation 
will activate the stress system in fish comparable to what is known in farmed 
land-based animals 161,187. This also raises the question whether welfare of 
farmed fish is affected during transport, as transport leads to a simultaneous 
exposure of the animals to a variety of stressors in a relatively short period 
of time. For the interpretation of behavioural and physiological changes as 
well as general changes in health status, which result from transportation in 
terms of good or poor welfare, we use the concept of allostasis 68,87. Allostasis 
assumes stability through change and the capacity to adapt to a dynamic 
environment. The allostasis concept holds particular value as a model to 
discriminate between stress responses which are within the limits of the 
adaptive capacity of animals and those which are outside these limits and 
thus compromising animal welfare or not 68.
At present, data on the effects of transportation on physiology in 
marketable European eel (Anguilla anguilla) are scarce. Together with African 
catfish (Clarias gariepinus) and a hybrid of A. catfish and Vundu catfish 
(Heterobranchus longifilis), European eel comprises the majority of fish-species 
that are transported in The Netherlands for production of food. Within these 
species, European eel constitutes the most important one with a production of 
3,200 tons 188 in The Netherlands and 7,000 tons in 2010 in Europe 107.
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Given the importance of European eel for Dutch aquaculture, we decided 
to expose this species to a simulated overland transportation to assess how 
this influences the physiological stress response and how long recovery from 
transportation may take. Therefore, in our study a commercial transporter 
drove marketable eels, which were kept in our laboratory, for 3 hours (a 
period representative for regular commercial practice) and then returned to 
our laboratory. Upon return, the fish were sampled for parameters indicative 
for activation of the stress system (cortisol 123), changes in energy metabolism 
as a consequence of fasting- and transport-related stress (glucose, lactate, 
non-esterified fatty acid (NEFA) 124), changes in general plasma ion-levels 
as a consequence of fasting- and transport-related stress (osmolality 126) and 
changes in gill morphology and histology (e.g. migration of chloride cells 
towards lamellar regions 65) as a consequence of fasting- and transport-
related stress. One group was sampled directly upon return (0 hour), while 
four other groups were sampled at 6, 24, 48 and 72 hours following transport. 
Controls were held under identical conditions, but were not transported and 
remained at the laboratory.
Materials and methods
Fish and husbandry conditions
The experiment was conducted with a total of 1,300 eels (Anguilla 
anguilla; mixed sexes; 149 ± 50 grams) grown to a normal Dutch slaughter 
weight at a local eel farm under commercial farming conditions (250 kg/
m3, temperature = 25 °C). We used, in total, 170 animals for sampling, the 
remainder was sold by the farmer. Both in pre- and post-fasting sampling, 
10 animals were taken. Both transported groups and the control group were 
sampled at fixed intervals after transport/holding period i.e. at 0, 6, 24, 48 
and 72 hours after transport/holding period (Figure 5.1). Every sample point 
consisted of 10 animals. Transportation was performed in duplicate and 
therefore the number of animals was finally 20 per sample point. It should 
be noted that we did not reuse the fish.
At arrival in our facilities, eels were placed at a commercial stocking 
density (approximately 67 eels per aquarium) in all-glass aquaria with 140 l 
water (bottom area 90 × 50 cm, height 40 cm; distance from the water level 
till the glass lid was 9 cm) which were covered with a glass lid. Seventeen 
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aquaria were part of 2 recirculation systems (total system volume: 2,500 l) 
with biofilters. Fish were housed at a density of 72 kg 1,000/l, average water 
temperature of 24 ± 0.3 °C, an oxygen level of at least 6 mg O2/l and a 
12:12 hours light-dark cycle (lights on: 06:30 o’clock). The stocking density 
is within the range of normal production as is documented by the EFSA 189. 
Oxygen, temperature, pH, food, were all according to commercial farming 
conditions. The experimental procedure (fasting, transport and post-
transport observation) was started after an acclimation period of 7 weeks. 
During acclimation, the fish were manually fed twice daily (09.00 and 
17.00 o’clock), in total 10 g feed/day/kg eel. Commercial eel feed was used 
(Skretting; composition: 47% protein, 14% fat, 7,5% ashes, 2,3% cellulose, 1% 
phosphor, 5 mg/kg copper, vitamin E, A, D3). Preceding transport eels were 
fasted for 120 hours. For marketable eels that are cultivated in recirculation 
systems, this fasting period is necessary for removal of undesirable off-
flavours 189. Fasting was performed according to regular commercial farming 
conditions. After 24 hours of food deprivation, water temperature was 
lowered over 24 hours from 24 °C to 19 °C according to production practice, 
stocking density was increased to 206 kg/1,000 l by placing a vertical glass 
plate in the tank that reduced the volume to 1/3. Increasing the density 
during fasting by a factor of 3 is customary in eel aquaculture. When water 
temperature reached 19 °C, feed deprivation was continued over the next 
96 hours. At this point, the fish were ready for the actual transport.
Experimental design
European eel was transported according to general production standards 
and practices used in The Netherlands. Animals were transported for 3 hours 
at a stocking density of 270 - 290 kg/1,000 l. Eels from 5 aquaria were 
carefully netted and loaded in a polystyrene transport tank. Subsequently, 
the tank was closed by a wooden lid. This tank (bottom area: 0.95 × 1.05 m, 
height: 1.00 m) was filled with 150 l water from the recirculation system that 
contained the eels. During transport, water was oxygenated, via a fenestrated 
ring on the bottom of the tank, using pure oxygen. Transport was performed by 
a hauler who checked the oxygen level in the water manually after 1.5 hours of 
transport, using the Hach Lange, HQ 40 multimeter. For approximately 50% 
of the Dutch haulers this is a standard procedure during eel transport which 
lasts about 1 minute. The route taken was planned beforehand using GPS and 
represented a normal, average, transport route. After transport, fish were 
randomly returned to the five glass aquaria, i.e. group composition in each 
tank after transport was thus different from before transport. Transportation 
was repeated with eels from five other aquaria. Before transport, water in 
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the transport tank was changed. Another five aquaria were emptied, mixed 
and placed in a non-transparent plastic 150 l tank covered with a wooden 
lid to function as control. This tank was also supplied with pure oxygen in 
the water, but oxygen levels were not measured half-way the holding period 
as no major changes were expected in the control eels. After 3 hours, these 
eels were returned to the five aquaria. Post-transport stocking density was 
72 kg/1,000 l for all groups as the glass plates, which had been inserted to 
increase densities, were removed. The remaining 2 aquaria were used to 
analyse basal and fasting conditions before the transport.
Prior to the experiment, 10 fish from one aquarium were taken randomly for 
sampling (basal; Figure 5.1). Another 10 fish from one aquarium were randomly 
sampled after 120 hours of fasting (fasting; Figure 5.1). Both transported groups 
and the control group were sampled at fixed intervals after transport/holding 
period i.e. at 0, 6, 24, 48 and 72 hours after transport/holding period (Figure 5.1). 
Fish were not fed during the recovery period to avoid adverse water conditions. 
During sampling, fish were randomly caught and blood and gills were taken 
(n = 10 per aquaria). Also, weights were noted and water samples were analysed.
Fasting
120 hours
Pre-transport analyses of 
eels
Transfer to a tank 
mounted on the 
transport trailer
Transfer to a tank 
in the lab
Control: 3 hour waiting period and 
return to the aquarium
Transport: 3 hour
transport, unloadingand 
return to the aquaria. 
Repeated with the second
group
Time-points of 
sampling at the 
lab
0 h
6 h
24 h
48 h
72 h
0 h
6 h
24 h
48 h
72 h
Basal Fasting
Figure 5.1: Schematic setup transport experiment of European eel. Eels were fasted 
for 120 hours and then split-up into an experimental group and control group. The 
experimental group was transported for 3 hours, subsequently returned to the aquaria 
facilities and sampled at indicated time-points. The control group spent 3 hours in a 
transport tank (not transported), were returned to their aquaria and subsequently 
sampled at indicated time-points. Fish were analysed at time-points indicated by arrows.
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Fish euthanasia and sample collection
Randomly, fish were removed from their holding tanks by netting and placed 
within a large water-filled bucket containing 0.1% (v/v) 2-phenoxyethanol 
(Sigma, St. Louis, MO, USA). Once anaesthetised (within 1 minute), fish 
were removed from the water and blood was drawn after which the fish were 
immediately killed by transecting the spinal cord right behind the skull. 
Blood was drawn using heparinised syringes and 1 ml of blood was collected 
in vials (Eppendorf, 1.5 ml) and immediately put on ice. Subsequently, the 
vials were centrifuged (18,000g, 4 °C, 10 minutes) and blood plasma was 
separated from blood cells and stored at -20 °C until analysis.
Gill tissue was collected and put into 50 ml Greiner tubes containing BOUIN 
fixative (filtrated; saturated picric acid, saturated formaldehyde (37%), glacial 
acetic acid (15:5:1 ratio)). The next day samples were dehydrated through 
steps of increasing ethanol percentages and finally embedded in paraffin. We 
mounted 7 μm thick tissue sections on gelatinised glass slides and dried.
In addition, we also inspected whether or not mortality occurred in the 
course of the study.
Water quality
Since the water quality in the tanks in the laboratory was controlled with 
regard to temperature, pH, ammonia levels, refreshment and oxygenation, 
the number of water samples taken before and during the experiment 
was reduced. In the aquaria, water temperature was stable (19 ± 0.09 °C). 
Analyses of total ammonia nitrogen (TAN, recalculated to mg/NH3
-N l by use 
of the data of 129), nitrite-N (NO2
-), nitrate-N (NO3
-) levels were performed 
with Tetra test kits (Tetra Werke, Melle, Germany). Temperature, pH and 
oxygen concentrations were continuously measured by Hach Lange HQ 40 
multimeter.
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Blood plasma analysis
Cortisol was measured as previously described by Gorissen and colleagues 
130. Briefly, 96-well microtitre plates were coated with mouse cortisol 
antibodies in a coating buffer. Plates were cleared of coating buffer and 
washed with a wash buffer before blocking possible a-specific binding sites 
with a blocking buffer. Wells were cleared of blocking buffer and 10 μl of 
standard or sample, together with 90 μl of tracer, was added to the proper 
wells. After the incubation period, wells were cleared and washed before 
scintillation liquid was added. Activity within the wells was measured using 
a β-counter.
Glucose, NEFA and lactate were measured using commercially available 
kits (Wako Diagnostics, Richmond, VA, USA). Plasma osmolality (sample 
volumes: 50 μl) was measured with a cryoscopicosmometer (Osmomat 
030, Gonotec, Germany). Deionized water (0 mOsmol/kg) and a standard 
solution (300 mOsmol/kg) were used as reference. Plasma sodium and 
plasma chloride were photometric determined with the Sodium rapid kit and 
Chloridliquicolor kit of Human (Human Diagnostics, Wiesbaden, Germany).
Gill histology
After paraffin removal from the collected gill tissue samples, sections 
were either placed in an alcian blue solution to stain mucus producing cells 
or placed in 2% (v/v) H2O2 to neutralize endogenous peroxidase activity for 
use in immunohistochemistry. Subsequently, non-specific binding sites were 
blocked with 2% (v/v) normal donkey serum and the sections incubated 
overnight with antibodies against Na+/K+-ATPase (final dilution 1:300) to 
stain chloride cells. Donkey anti-rabbit was used as secondary antibody at a 
dilution of 1:200. Sections were subsequently incubated with the Vectastain 
ABC Kit (Vector Laboratories, Burlingame, CA, USA). Staining was performed 
in 0.025% (w/v) 3,3′-diaminobenzidine (DAB) and 0.0005% (v/v) H2O2.
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Statistics
Data were checked for normal distribution and statistical analysis was 
performed in Graphpad Prism 5 (Graphpad Software, La Jolla, CA, USA) using 
Kruskal-Wallis (when not normally distributed) or a one-way ANOVA (when 
normally distributed) to test for significance between either experimental 
or control groups over time; time-points are independent samples. To test 
for significance between an experimental and control group at specific time-
points, a Mann-Whitney U-test (when not normally distributed), unpaired 
t-test or unpaired t-test with Welch’s correction were used (when normally 
distributed and depending on sample distribution). Significance was set at 
P ≤ 0.05. Data are expressed as means ± 1 standard deviation (s.d.). For all 
figures: groups with the same letters are not significantly different.
Results
Water quality
Water quality was closely monitored during the experiment. Data are 
shown in Table 5.1; pH-values were adjusted where necessary to represent 
farming conditions (see Table 5.1). During fasting, the pH-value was 
downregulated, when it was higher than 7.9 using nitric acid (1:10 diluted). 
The pH-values fluctuated in the course of the experiment between 6.9 and 
7.4. Transport tanks were filled with water from the recirculation system, 
which contained a dissolved oxygen concentration of 5.50 and 6.36 mg/l 
at the beginning of transport. At the end of the transport, i.e. after 3 hours, 
oxygen concentrations were between 11.96 and 10 mg/l. After transfer of the 
control group into the tank, the oxygen concentration decreased to 3.0 mg/l. 
During the waiting period, the oxygen concentration started to increase 
to 4.46 mg/l due to pure oxygen supply in the water. Water temperature 
fluctuated during transport between 17 °C and 21 °C. In the control group, 
temperature dropped from 21.4 °C to 20.0 °C over 3 hours. TAN was low in 
the aquaria throughout the experiment, i.e. between 0.21 and 1.2 mg (NH3 
+ NH4
+)-N/l. Before fasting, nitrite levels varied between 0 and 1.5 mg NO2
-
-N/l. After transport, nitrite-N in the water varied between < 0.091 and 
0.45 mg NO2
--N/l. Prior to fasting, nitrate-N levels in the water fluctuated 
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between 5 and 57.5 mg NO3
--N/l. Directly after transport, nitrate levels were 
2.8 mg NO3
--N/l in all groups.
Stress-axis
While we sampled 10 (control) to 20 (transport, in duplicate) animals per 
time-point, we did not obtain data for all animals for the following 2 reasons, 
(1) due to haemolyses we had to discard the sample, (2) the volumes of plasma 
samples were too small to measure all parameters. Therefore, in the bars of 
the figures the numbers are lower than 10 (control) or 20 (transport groups).
Basal plasma cortisol levels were low: 1.0 ± 0.6 ng/ml. Also, values after 
120 hours fasting were low: 1.6 ± 1.2 ng/ml. Transporting European eel by 
a hauler led to a significant increase of plasma cortisol levels immediately 
after transport (levels at 0 hour; Figure 5.2; 10.2 ± 5.73 ng/ml) compared 
with basal levels. In contrast, for the control no differences were found 
between levels immediately after transport (levels at 0 hour; Figure 5.2; 
4.4 ± 3.3 ng/ml) and basal levels. Furthermore, blood plasma cortisol levels 
in transported fish were significantly (Mann-Whitney U; P = 0.0145) higher 
compared with levels in control fish, immediately after transport (levels at 
0 hour; Figure 5.2). After 6 hours, plasma cortisol levels were not significantly 
different from basal levels in the transported or control group, neither was 
there a significant difference between the transported and control group. In 
the course of the recovery period (72 hours in total), plasma cortisol levels 
in the transported eels fluctuated between 8.5 ± 6.4 ng/ml at 6 hours and 
pH Oxygen (mg/l) Temperature (oC) TAN (mg/l)
Control Batch 1 Batch 2 Control Batch 1 Batch 2 Control Batch 1 Batch 2 Control Batch 1 Batch 2
Post-fasting 7.67 7.67 7.65 9.3 9.3 9.3 18.4 18.4 18.6 0.25 0.25 0.25
Transport tank (begin of transport) 7.67 7.43 7.62 2.95 5.5 6.36 21.4 19.5 19.3 0.25 0.25 0.25
Transport tank (after transport) 6.94 7.91 7.23 4.46 11.96 10 20 18.6 17.1 1.5 0.25 1.5
(Time after transport)            0 hour 7.68 7.73 7.73 9.83 11.16 11.16 18.8 18.6 18.6 0 0 0
24 hours 7.82 7.7 7.7 7.7 6.8 6.8 18.9 18.9 18.9 0
48 hours 7.85 7.73 7.73 7.8 6.7 6.7 19.1 19 19 0 0 0
72 hours 7.81 7.74 7.74 8.3 6.2 6.2 19.4 19.2 19.2 0 0 0
TAN (N-NH3 mg/l) NO2-N (mg/l) NO3 (mg/l)
Control Batch 1 Batch 2 Control Batch 1 Batch 2 Control Batch 1 Batch 2
Post-fasting 0.206 0.206 0.206
Transport tank (begin of transport) 0.206 0.206 0.206
Transport tank (after transport) 0.206 0.206 1.235 0.091 0.45 2.8 2.8 2.8
(Time after transport)            0 hour 0 0.206 0.206 0 0 0.24
24 hours 0 0.091 0.091 0.091
48 hours 0 0 0 0.091 0.091 0.091
72 hours 0 0 0 0.091 0.091 0.091
Table 5.1: Water quality during transport and the recovery period following transport.
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19.3 ± 10.7 ng/ml at 24 hours after transport. Both in the transported fish 
and control fish, we observed a gradual increase of plasma cortisol levels 
compared with baseline levels as the recovery period continued, starting 
at 24 hours of the recovery period and lasting up to 72 hours. At 24, 48 or 
72 hours, no significant differences between transported and control fish 
were found. We did not observe any mortality in the course of the experiment.
Energy metabolism
Glucose
Plasma glucose analyses showed baseline plasma glucose levels of 
5.8 ± 2.5 mM (Figure 5.3). These levels were slightly, but not significantly, 
decreased after 120 hours of fasting: 4.3 ± 1.8 mM (one-way ANOVA; 
P = 0.15). Directly after transport, plasma glucose levels were significantly 
increased (0 hour; 7.3 ± 0.5 mM; one-way ANOVA; P = 0.0013) compared 
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Figure 5.2: Effects on plasma cortisol levels in European eels exposed to transportation. 
Analyses occurred at different time-points, basal was before the experiment, fasting is directly 
after the fasting period of 120 hours but before transport. Time-points post-transport are 0, 
6, 24, 48 and 72 hours. Grey bars indicate sampling prior to loading of the truck, black bars 
indicate plasma cortisol levels of transported groups and white bars of the control group. 
Number of data-points are represented as numbers in the bars. Significance was accepted 
at P < 0.05 (*) and values are expressed as means + standard deviation. Letters indicate 
significance over time within control (lower case letters) or transported (capital letters) 
groups. Data-points with the same letter are not significantly different from each other.
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with after fasting levels, but not compared with baseline levels. These 
levels returned to fasting levels at 24 hour (5.1 ± 1.9 mM; one-way ANOVA; 
P = 0.0008) after transport. Hereafter, they were similar to baseline and 
fasting levels. In the control group (basal, fasting), plasma glucose levels did 
not change significantly after the waiting period (0, 6, 24, 48, 72 hours). After 
6 hours (7.2 ± 0.5 mM), plasma glucose levels in the transported fish were 
significantly higher than in the control fish (5.4 ± 2.3 mM; unpaired t-test; 
P = 0.0361).
NEFA
Analyses of plasma NEFA levels showed baseline plasma NEFA levels of 
0.34 ± 0.07 mM (Figure 5.4). These values changed little after 120 hours of 
fasting: 0.30 ± 0.05 mM. There was a significant increase in plasma NEFA 
levels after 48 hours (0.39 ± 0.08 mM; one-way ANOVA; P = 0.0083) and 
72 hours (0.42 ± 0.06 mM; one-way ANOVA; P = 0.0007) after transport, 
compared with post-fasting levels but not compared with baseline levels. The 
control group differed significantly from baseline levels at 0 hour (Kruskal-
Wallis; P = 0.0079) and 6 hours (Kruskal-Wallis; P = 0.0042) of the recovery 
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Figure 5.3: Effects of transport on plasma glucose levels in European eels. Analyses 
concern samples before the experiment (basal), directly after the fasting period of 120 
hours but before transport (fasting). Sampling-points post-transport are 0, 6, 24, 48 
and 72 hours. Grey bars indicate sampling prior to loading of the truck, black bars 
indicate plasma glucose levels of transported groups and white bars of the control 
group. Number of data-points is represented in the bars. Significance was accepted at 
P < 0.05 (*) and values are expressed as means + standard deviation. Letters indicate 
significance over time within control (lower case letters) or transported (capital letters) 
groups. Data-points with the same letter are not significantly different from each other.
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period. We observed significant differences between control and transported 
groups throughout the experiment (unpaired t-test; 0, P = 0.0079; 6, 24, 48, 
72 hours,) (Figure 5.4: unpaired t-test; 0 hour, transport 0.31 ± 0.08, control 
0.22 ± 0.08, P = 0.0079; 6 hours, transport 0.38 ± 0.06, control 0.22 ± 0.07, 
P < 0.0001; 24 hours, transport 0.36 ± 0.08, control 0.27 ± 0.04, P = 0.0012; 
48 hours, transport 0.39 ± 0.08, control 0.32 ± 0.10, P = 0.0334; 72 hours, 
transport 0.42 ± 0.08, control 0.29 ± 0.06, P < 0.0001).
Lactate
Analyses of plasma lactate levels revealed basal plasma lactate levels of 
11.18 ± 6.6 mM, while post-fasting plasma lactate levels were 9.6 ± 3.6 mM 
(Figure 5.5). Plasma lactate levels decreased significantly 6 after transport 
(2.72 ± 1.1 mM), compared with baseline levels (Kruskal-Wallis; 
P < 0.0001), after fasting levels (P < 0.0001) and 0 hour post-transport 
levels (6.9 ± 2.9 mM; P < 0.0001; Figure 5.5). Plasma lactate levels remained 
significantly lower than baseline levels and post-fasting levels throughout 
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Figure 5.4: The effect of transport on non-esterified fatty acid levels in plasma of the European 
eel. Analyses were run on samples taken before the experiment (basal), directly after the 
fasting period of 120 hours but before transport (fasting). Sampling-points post-transport 
are 0, 6, 24, 48 and 72 hours. Grey bars indicate sampling prior to loading of the truck, black 
bars indicate plasma NEFA levels of transported groups and white bars of the control group. 
Number of data-points is given in the bars. Significance was accepted at P < 0.05 (*), P < 
0.01 (**) or P < 0.001 (***) and values are expressed as means + standard deviation. Letters 
indicate significance over time within control (lower case letters) or transported (capital 
letters) groups. Data-points with the same letter are not significantly different from each other.
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the experiment for the transported group. For the control group, plasma 
lactate levels decreased significantly at 6 hours (2.99 ± 2.0 mM) compared 
with baseline levels (Kruskal-Wallis; P = 0.0021) and after fasting levels 
(P = 0.0012).
Osmolality
We did observe significant differences (24 hours, 0.26 ± 0.04 Osmol/kg 
Kruskal-Wallis; P = 0.0019; 48 hours, 0.24 ± 0.04 Osmol/kg; P = 0.0002) 
in the transported group, compared with 0 hour post-transport (Figure 5.6). 
No differences were detected in the control group. Plasma sodium levels 
ranged from 142.0 ± 15.6 mM to 152.4 ± 5.2 mM and plasma chloride from 
73.0 ± 23.0 mM to 125.0 ± 33.9 mM. For both sodium and chloride plasma 
levels no significant changes occurred due to transportation, compared to 
basal and fasting levels.
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Figure 5.5: The effect of transport on lactate levels in the blood plasma of the European 
eel. Analyses on samples taken before transport (basal), directly after the fasting period of 
120 hours but before transport (fasting). Sampling-points post-transport are 0, 6, 24, 48 
and 72 hours. Grey bars indicate sampling prior to loading of the truck, black bars indicate 
plasma lactate levels of transported groups and white bars of the control group. Number of 
data-points is given in the bars. Values are expressed as means + standard deviation. Letters 
indicate significance over time within control (lower case letters) or transported (capital 
letters) groups. Data-points with the same letter are not significantly different from each other.
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Gill histology
Gill histology was done on a selected sample (n = 4) of animals since the 
water quality and osmolality did not significantly differ between before and 
after transport. Transport showed no effect on the frequency of mucous-
containing cells: transported (116.5 ± 45.0; n = 4) versus control (171.6 ± 72.3; 
n = 4) versus basal (154.3 ± 28.7; n = 4). Also, no significant migration of 
chloride cells towards lamellar regions was observed. No deterioration of gill 
morphology was observed.
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Figure 5.6: The effect of transport on plasma osmolality of the European eel. Analyses 
on samples taken before the experiment (basal), directly after the fasting period of 120 
hours but before transport (fasting). Sampling-points post-transport are 0, 6, 24, 48 and 72 
hours. Grey bars indicate sampling prior to loading of the truck, black bars indicate plasma 
osmolality of transported groups and white bars of the control group. Number of data-points 
is given in the bars. Values are expressed as means + standard deviation. Letters indicate 
significance over time within control (lower case letters) or transported (capital letters) 
groups. Data-points with the same letter are not significantly different from each other.
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Discussion
Our study showed that transportation of eels by a hauler affected plasma 
cortisol levels mildly and transiently as 6 hours post-transport no significant 
difference could be detected between the transported groups and the control 
group. Nevertheless, the release of cortisol resulted in a significant change 
in the energy metabolism of the transported eels throughout the experiment 
that lasted at least 72 hours post-transport, as judged from analysis of NEFA 
levels in plasma. The duration of the increase in the metabolism suggests 
that transportation of eels resulted in a strong physiological response in the 
fasted animal. Levels of glucose were significantly increased until 6 hours 
post-transport. Lactate in blood plasma decreased and remained low 
throughout the experiment. Plasma osmolality was not affected by transport. 
During transportation, water quality did not deteriorate and gill physiology 
and morphology did not change. Transportation of the eels did not result in 
mortality, under conditions used.
Water quality
The oxygen level, pH, TAN, nitrite-N and nitrate-N in the water never 
reached critical levels, indicating that the stocking density used did not 
lead to an unacceptable water quality during transportation. The decrease 
in water temperature during transport was no surprise since the transport 
vehicle had no thermoregulation, only insulation. Increasing oxygen 
concentration during transport was likely due to oxygenation. The levels 
of TAN (recalculated to mg NH3-N/l with use of the database published by 
Emerson and colleagues 129), nitrite-N, nitrate-N and pH during transport 
of the eels with a stocking density of 270 - 290 kg/1,000 l did not exceed 
threshold values for these substances. The thresholds are 0.058 mg/l for 
NH3-N, 20 mg/l for nitrite-N 
190,191, 100 mg/l for nitrate-N 192 and an acidity 
level above pH 5 192. Analyses of the oxygen level showed a decrease in 
oxygen in water (3 mg/l) of the control group after transfer in the new tank. 
Cruz-Neto and Steffensen 193 showed that European eel acclimatised to 25 
°C decreased their oxygen consumption when oxygen levels in the water are 
below 1.9 mg/l. The oxygen levels in our experiment were higher, at lowest 
3 mg/l, and were kept at a lower temperature (19 °C) than this, and therefore 
we assume that the metabolism of the eels was not detrimentally affected. 
Post-transport, the oxygen concentration in the water dropped in the first 
24 hours. This is likely due to the handling of the animals.
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Cortisol
It appeared that plasma cortisol levels in the eels that were transported 
were only mildly affected by this process, under the conditions used. There 
is on average a 6.4 fold (from 1.6 to 10.2 ng/ml) increase in the cortisol level, 
compared with the fasted animals. A plasma level of 10.2 ng/ml on average 
is (still) low, as for other fish-species like carp or salmon, is it known that 
this may reflect a normal baseline 194,195. However, when one notices the 
increased energy metabolism, as shown by the NEFA data, it is likely that we 
missed the window during which plasma cortisol levels in the eels increased 
to a higher value, as Gollock 196, showed that 4 hours after exposure to a 
stressor plasma cortisol returned to basal levels. We, therefore, assume that 
in our study this window occurred during transport that lasted for 3 hours. 
Analysis during this period was not an option, as this would have interrupted 
the experiment. In addition, also Vijayan and Pereira 197 observed that in 
rainbow trout exposed to acute stress the window during which plasma 
cortisol increased and returned to basal levels was 6 hours. Lack of nutrition 
is a plausible explanation for the steady rise in plasma cortisol which started 
at 24 hours post-transport. At the end of the experiment, the fish have been 
deprived of food over 192 hours which can evoke metabolic changes directed 
by cortisol. It is known that the stress-axis is intertwined with food intake 
(see reviews of Bernier & Peter 198; Wendelaar Bonga 74). It seems that for a 
migrating fish like the European eel analyses of only plasma cortisol is not a 
good biomarker for stress and additional measurements are required.
Glucose
Even though cortisol reflects normal homeostatic variation, there are 
enduring changes to the metabolic system. Average glucose levels were 
ranging from 4 to 7.5 mM, which is very similar to other experiments with 
European eels 199. Glucose in the blood increased significantly during the 
first 6 hours after transport compared with baseline or post-fasting levels 
but returns within 24 hours to basal. Hyperglycaemia in the first hours after 
transport can indicate that the fish experience stress 96 and we might even 
have missed the highest production within 6 hours post-stress 197. It has 
already been shown in Anguilla japonica that injections with cortisol can 
increase blood glucose 200. Similar effects have been shown in experiments 
with Anguilla rostrata 201. Glucose is an important driver of metabolism and 
certain tissues (involved during stress) may rely primarily on glucose (for 
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example brain, heart, blood cells, and gills 202). However, the quick return of 
glucose to basal indicates that the immediate stress response on transport is 
not long lasting.
The lasting decrease in plasma lactate indicates that transport has a more 
enduring effect than initially was concluded from the cortisol and plasma 
glucose data. These data suggest that the fish have the need for additional 
energy as lactate can be converted to pyruvate and used in the Krebs cycle. 
It is known that lactate can be used as an energy source in tissues (involved 
during stress) like gills, kidney, liver and brain (reviewed 203,204).
NEFA
There is a significant difference in plasma NEFA levels between all 
transported and control groups. This suggests a change in the energy 
metabolism, as we also observed a descent in plasma lactate levels after 
transportation. Due to this change, the eels were able to cope with the 
increased energy demand, which is probably needed to fuel cellular processes. 
Plasma NEFA levels decreased in the control groups at 0 and 6 hours post-
transport, compared with the baseline level. This may be caused by the drop 
in temperature at the start of fasting (24 to 19 °C). However in the transported 
groups, plasma NEFA levels did not change compared with baseline levels. 
This could be due to the additional energy needed because of stress induced 
by transportation.
Osmolality
No chances in plasma osmolality and in also plasma sodium and chloride 
levels were found. It is known that stress can change the permeability of 
the gill membranes 205, thereby potentially influencing the osmolality of the 
blood. The increase of cortisol does apparently not change gill permeability 
and thereby the osmolality. This is in accordance with the gill physiology, 
where no differences were observed in the amount of mucous cells between 
the groups.
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Biological relevance
Elevated plasma cortisol is a primary stress response and a strong 
indicator of stress in animals. Plasma cortisol levels in eel were only very 
mildly affected by transport, as after a recovery period of 6 hours baseline 
levels were obtained. However, as shown by Gollock and colleagues 196 in 
European eels cortisol is not necessarily a good readout to address stress or 
welfare. The duration (72 hours) of the increased metabolism suggests that 
transportation of eels resulted in an increased energy demand in the fasted 
animal. Following the 3-hours transport, differences in cortisol levels were 
observed between eels as indicated by the larger s.d. values in Figure 5.2. This 
may suggest differences in coping style between subjects 206. This warrants 
further studies as these differences may be associated with differences 
in allostatic load 206. The adverse effect of a recovery period of more than 
72 hours post-transport was scored as 5 on a scale of 1 to 5 by Dalla Villa and 
colleagues 160. Also, it is conceivable that exposure to adverse conditions, prior 
to stunning/killing, in a slaughterhouse may result in allostatic overload in 
eel. This has been shown in a study by Bogdan and Waluga 207, who reported 
high mortality among elvers especially on second day after transport, mainly 
by pathogenic causes. This indicates that transport is a potential hazard for 
this species, as an allostatic overload may occur.
Conclusion
Here, we present evidence that transport of European eel under 
these conditions seems to be tolerated by the animals as indicated by the 
physiological parameters, that we measured. Transportation at a density 
of 270 - 290 kg eels/1,000 l affected water quality within known tolerable 
limits. Nevertheless, our study indicates that the fish were affected for longer 
period than is revealed by the plasma cortisol titres only, as shown by the 
plasma NEFA levels.
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Abstract
Aquaculture practices bring several stressful events to fish. Stressors not 
only activate the hypothalamus-pituitary-interrenal-axis, but also evoke 
cellular stress responses. Upregulation of heat-shock proteins (HSP) is 
among the best studied mechanisms of the cellular stress response. An extract 
of the prickly pear cactus (Opuntia ficus indica), Pro-Tex®, a soluble variant 
of TEX-OE®, may induce expression of HSP and reduce negative effects of 
cellular stress. Pro-Tex® therefore is used to ameliorate conditions during 
stressful aquaculture-related practices. We tested Pro-Tex® in zebrafish 
(Danio rerio), common carp (Cyprinus carpio L.) and yellowtail kingfish 
(Seriola lalandi) exposed to aquaculture-relevant stressors (thermal stress, 
net-confinement, transport) and assessed its effects on stress physiology. 
Heat-shock produced a mild increase in hsp70 mRNA expression in 5-day-
old zebrafish larvae. Pro-Tex® increased basal hsp70 mRNA expression, but 
decreased heat-shock-induced expression of hsp70 mRNA. In carp, Pro-Tex® 
increased plasma cortisol and glucose levels, while it did not affect the mild 
stress response (increased plasma cortisol and glucose) to net-confinement. 
In gills, and proximal and distal intestine, stress increased hsp70 mRNA 
expression; in the distal intestine, an additive enhancement of hsp70 mRNA 
expression by Pro-Tex® was seen under stress. In yellowtail kingfish, Pro-
Tex® reduced the negative physiological effects of transport more efficiently 
than when fish were sedated with AQUI-S®. Overall, our data indicate that 
Pro-Tex® has protective effects under high levels of stress only. As Pro-Tex® 
has potential for use in aquaculture, its functioning and impact on health 
and welfare of fish should be further studied.
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Introduction
As the human population continues to grow, so does the demand for food. 
Fish protein is one of the major sources for protein in our diet. Although the 
amount of fish caught in the wild and landed appears to plateau over the 
past few years, fish aquaculture is growing rapidly and expected to continue 
growing until the year 2025 109.
Aquaculture practices encompass several potentially harmful stressors, 
e.g. crowding, sudden temperature changes, sorting, handling, transport 
and pathogen exposure 84. These stressors may lead to poor welfare, health 
problems or even mortality 85,86. In fish, stressors not only result in activation 
of the hypothalamus-pituitary-interrenal-axis (HPI-axis), but also activate 
the stress response at the cellular level. The upregulation of heat-shock 
proteins (HSP) is one of the best studied mechanisms of the cellular stress 
response. HSP function as chaperones and are of vital importance in the 
regulation of normal protein synthesis (reviewed 104) and to protect against 
damage or facilitate early repair of damaged proteins during cellular stress 
(reviewed 106).
A prestress upregulation or pre-activation of the cellular stress response 
could potentially reduce the detrimental effects of stress and diminish 
mortality of fish due to aquaculture-related stressors. Studies have shown 
that stimulation of HSP70 production in organisms prior to a potentially 
lethal stressor, such as an infection, transport stress, thermal or salinity stress 
and ammonia toxicity, increases the tolerance to these stressors 104,208-212. 
Pro-Tex®, a soluble variant of TEX-OE®, has recently become commercially 
available for use in fish 104 and is suggested to act as a non-stressful precursor 
to induce high levels of HSP in organisms 104. While HSP production during 
extreme stress may protect against cellular damage, preloading the organism 
with HSP induced by Pro-Tex® may increase protective mechanisms as HSP 
are immediately available. In addition, it has been suggested that subsequent 
post-stress HSP production is accelerated and ultimately reaches a higher 
level than caused by the stressor itself 104.
Studies have shown effects of Pro-Tex® in common carp 212, Artemia 
franciscana nauplii 208 and salmon milt 213. The general picture that emerges 
from these studies is protection from the detrimental effects of lethal 
stressors accompanied by upregulation of HSP70 production. In addition, 
unpublished studies with transported fish show that Pro-Tex® upregulates 
HSP70 production and reduces mortality. In general, Pro-Tex® is applied 
in conditions which are extremely stressful and potentially lethal. Mortality 
is therefore taken as measure to show the protective effect of Pro-Tex®. 
Furthermore, HSP production after Pro-Tex® is often only compared to HSP 
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production under stressful conditions, but HSP production is not studied 
in the combination of Pro-Tex® and stress. Finally, effects on the HPI-axis 
are not considered, while a link between the HPI-axis and the cellular stress 
response exists 214-216. Here, we studied effects of Pro-Tex® on mild and more 
intense stressful events inherent to aquaculture practices, viz. a sudden 
temperature change (non-lethal heat-shock), transport and crowding (net-
confinement stress). Our studies were conducted in three different species 
at different life stages. Effects of Pro-Tex® on (1) heat-shock were studied in 
zebrafish (Danio rerio) larvae as model system for early life effects, (2) net-
confinement was studied in adult common carp (Cyprinus carpio) and (3) 
transport stress in adult yellowtail kingfish (Seriola lalandi). Where possible 
we assessed parameters of HPI-axis activity, energy metabolism as well as 
hsp70 mRNA expression during stress, Pro-Tex® pretreatment and their 
combination.
Materials and methods
Subjects and procedures
Zebrafish
Subjects and housing
Zebrafish eggs were collected from wild-type, adult zebrafish (Danio rerio) 
and placed in E3-medium (60× stock; 5 mM NaCl, 0.17 mM KCl, 10 mM 
HEPES, 0.33 mM MgSO4-7H2O, 0.33 mM CaCl2-6H2O, pH 7.8) and grown 
in an incubator at 28.5 °C with 5% CO2 to support normal embryogenesis. 
Medium was refreshed every 24 hours until 5 days post-fertilisation (dpf). 
No approval of an Animal Ethical Committee is necessary for experiments 
on zebrafish larvae until 5 dpf. These experiments were conducted within the 
Dutch Law (Wet op de Dierproeven 1996).
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Pro-Tex® concentration-response studies
Five-dpf-old larvae were exposed to increasing concentrations of Pro-
Tex® (Bradan Limited; 1:250,000, 1:50,000, 1:25,000, 1:10,000, 1:1,000) 
diluted in E3-medium in Petri dishes (Greiner, 94 × 16 mm). As control, 
ethanol (Pro-Tex® vehicle) diluted in E3-medium (1:1,000; 0.1% v/v) was 
taken. After 4 hours incubation at 28.5 °C with either Pro-Tex®, ethanol or 
only E3-medium larvae were placed in a 2-ml round-bottom Eppendorf tube 
with 500 μl pretreatment medium. Subsequently the pretreatment medium 
was removed, and larvae were snap-frozen in liquid nitrogen. The samples 
were stored at -80 °C until use.
Temperature stress
Water temperature changes are not uncommon in aquaculture practices. 
To simulate temperature variation, a non-lethal heat-shock was chosen as 
stressor. Five-dpf-old larvae were exposed to Pro-Tex® (1:1,000) diluted in 
E3-medium. As control, ethanol diluted in E3-medium (1:1,000) was taken. 
After 4 hours pretreatment with either Pro-Tex®, ethanol or only E3-medium 
at 28.5 °C, the larvae were placed in 2-ml round-bottom Eppendorf tubes 
with 500 μl pretreatment medium and incubated in a water bath for 1 hour at 
37 °C, after which the pretreatment medium was removed and larvae were 
frozen in liquid nitrogen. Non-heat stressed groups were transferred to a 
2-ml round-bottom Eppendorf tube, pretreatment medium was removed, 
and larvae were directly frozen in liquid nitrogen. The samples were stored 
at -80 °C until use.
Common carp
Subjects and housing
Experiments were approved by the Animal Ethical Committee of the 
Radboud University Nijmegen (udec12.0990/AD/jv; RU-DEC 2012-252) 
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and conducted in agreement with Dutch law (Wet op de dierproeven 1996) 
and European regulations (Directive 86/609/EEC). Wild-type common 
carp (Cyprinus carpio L.) obtained from Viskweekcentrum Valkenswaard 
(Valkenswaard, The Netherlands) were acclimatised for 3 weeks prior to the 
experiment in the aquarium facilities at the Radboud University Nijmegen. 
The fish were kept in eight 140 l glass tanks (bottom area: 90 × 50 cm, height: 
40 cm) that were part of a recirculation system containing a biofilter (total 
system volume 2,300 l). Water quality was controlled at 23 ± 0.25 °C, pH 
7.64 ± 0.21, (O2) 6.0 ± 0.76 mg/l, (NO2
-) 0.29 ± 0.49 mg/l, (NO3
-) 75 ± 32 mg/l, 
(NH3/NH4
+) 0.39 ± 0.49 mg/l. The fish were fed 15 g commercial feed pellets 
(Skretting, C3 Carpe F pellets; composition (w/v): 33% protein, 8% fat, 4.4% 
cellulose, 7.5% ashes, 1% calcium, 0.4% sodium, 1% phosphor) twice a day at 
10:00 a.m. and 16:00 p.m. (daily total 30 g).
Net-confinement stress
Fish were fasted 24 hours before sampling. Eight groups of 5 carp 
(306 ± 72 g) were used, and experimental procedures were carried out in 
duplicate. Pro-Tex® pretreatment was done 24 hours prior to sampling. Pro-
Tex® was added to the water according to recommendations (1:250,000 v/v) 
and impregnated in the feed (1:250,000 v/w). When Pro-Tex® was added 
to the water, the tank was cut off from the main system and a recirculation 
pump was placed in the tank to control water quality. The net-confinement 
stressor 217 lasted 1 hour and consisted of confining 5 carp in a small fishing 
net (net size; width: 35.5 cm, length: 25 cm, depth: 16 cm). As this is a two-
factor design (with and without Pro-Tex®; with and without net-confinement 
stress), we had four groups (in duplicate): a non-treated non-stressed 
(control) group, a non-treated stressed group, a Pro-Tex®-treated non-
stressed group and a Pro-Tex®-treated stressed group.
Sampling
Upon completion of confinement, the fish were anaesthetised in 0.2% 
(v/v) 2-phenoxyethanol. Once anaesthetised (within 1 minutes), blood was 
drawn from the caudal vessels, next the fish were killed by transection of 
the spinal cord right behind the opercular chamber. Blood was drawn into 
syringes pre-rinsed with 2% EDTA and 1 ml of blood was collected in 1.5 ml 
121
                 Chapter 6
Eppendorf tubes and immediately put on melting ice. Subsequently, the vials 
were centrifuged (18,000g, 4 °C, 10 minutes) and blood plasma separated 
from cells. Plasma was frozen at -20 °C until use. One likely route for the 
uptake of Pro-Tex® is the gills. Hence, gills of each fish were taken and frozen 
in liquid nitrogen. Another putative route of entry of Pro-Tex® is the intestine. 
A distinction was made between the proximal and the distal intestine because 
of differences in morphology and specialisation of the gut 218,219. Therefore, 
the entire intestine was removed and bisected in a proximal and distal 
portion (50/50). The proximal and distal intestine were treated similarly. 
Feces were gently squeezed from the intestine with blunt tweezers. The 
intestine was then opened longitudinally and rinsed with ice-cold 0.9% NaCl 
to remove any remaining feces. The intestinal mucosa was scraped off with a 
microscope slide, and scrapings were suspended in 5 ml ice-cold SEI buffer 
(250 mM sucrose, 10 mM Na2-EDTA, 50 mM imidazole, pH 7.3). Mucosa was 
homogenised by 25 strokes in an all-glass potter homogenisation device; the 
homogenate thus obtained was passed 25 times through a (Ø 0.8 mm) gauge 
needle fitted on a 2 ml tuberculin syringe. Homogenate (0.5 ml aliquots) was 
snap-frozen in liquid nitrogen and stored in 1.5 ml Eppendorf cups at -80 °C 
until further use.
Yellowtail kingfish
Subjects and housing
Experiments were approved by the Animal Ethical Committee of 
Lelystad (# 2.011.052) and carried out in agreement with Dutch law (Wet 
op de dierproeven 1996) and European regulations (Directive 86/609/EEC). 
This experiment was performed at the Institute of Marine Resources and 
Ecosystem Studies (IMARES) in Yerseke, The Netherlands. Sixty juvenile 
yellowtail kingfish (Seriola lalandi) of 750 - 1,200 g were held for 5 days in 
two 4,000 l tanks at 23 °C and fed daily to satiation with commercial feed 
pellets (R-0.5-3 Europa, Skretting, Boxmeer, The Netherlands; 57% protein, 
15% lipids). The fish were fasted 24 hours before the experiment. Dissolved 
oxygen, temperature and water pH were monitored continuously, and the 
concentration of nitrogenous waste products measured daily. The tanks 
received a water refreshment of 3 m3/kg feed/day to keep nitrogenous waste 
levels well within normal aquaculture limits for this species.
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Transport
Iso-eugenol (the active ingredient in AQUI-S®) is a safe and effective 
anaesthetic for several fish-species, for instance for cod 220, carp and 
tilapids (unpublished personal observations). AQUI-S® was purchased from 
AQUI-S® New Zealand Ltd. (Lower Hut, New Zealand). AQUI-S® in the 
concentration used here sedates the fish and makes them less prone to injury 
due to uncontrollable escape behavior during transport, although the fish 
loose balance and may collide with the walls of the transport tank. Therefore, 
Pro-Tex® was tested as alternative to reduce transport related stress.
Feed was soaked in diluted Pro-Tex® (1:250,000 v/w), dried and fed to 
the ‘Pro-Tex® group’ 24 hours before the experiment. The water level in 
both housing tanks was lowered to 2,000 l. To one of the housing tanks, 
8 ml of undiluted Pro-Tex® (1 ml per 250 l of water) was added 5 hours 
prior to transport. To the other housing tank, AQUI-S® was added (1:3,000 
v/v). Twenty fish from both the Pro-Tex®-treated group and the AQUI-S®-
treated group were transferred to 2 commercial 375 l transport tanks. The 
transport tank for the AQUI-S® fish contained 1:3,000 (v/v) AQUI-S®. In 
both transport tanks, oxygen levels were stabilised at 11 mg/l and water 
temperature was set at 23 °C. Both groups were transported by truck for 
3 hours. During transport, both transport tanks were covered with a wooden 
lid and oxygenated to preserve oxygen levels in the water.
Following transport, 8 fish from each group were netted directly from 
the transport tanks and deeply anaesthetised in 2-phenoxyethanol 0.2% 
(v/v). The remainder of the fish was returned to their housing tanks and all 
fully recovered. Blood samples were taken from the anaesthetised fish with 
syringes rinsed with heparin (225 U/ml), and 1 ml of blood was transferred 
to 1.5 ml Eppendorf vials and immediately put on ice. Subsequently, the 
vials were centrifuged (18,000g, 4 °C, 10 minutes) and blood plasma was 
separated from blood cells. Plasma was frozen at -20 °C until further use. 
Cortisol, glucose, lactate, chloride and osmolality were analysed in plasma. 
After blood sampling, fish were killed by transection of the spinal cord 
directly behind the opercula.
123
                 Chapter 6
Analyses
Blood plasma analyses
Cortisol was measured as previously described by Gorissen and colleagues 
130. In short, 96-well microtiter plates were coated with monoclonal mouse 
cortisol antibodies in a coating buffer. Plates were cleared of coating buffer 
and washed with a wash buffer before blocking a-specific binding sites with 
a blocking buffer. Wells were cleared of blocking buffer and 10 μl of standard 
or sample, together with 90 μl of tracer, was added to the wells. After 4 hours 
incubation in wells, the incubate was cleared, followed by 2 wash steps and 
scintillation liquid added. Tritium activity was quantified by β-counting 
(Wallac 1450 Microbeta plus Liquid scintillation Counter).
Glucose and lactate were measured with commercial kits (Wako 
Diagnostics, USA) following the manufacturer’s protocols. Plasma osmolality 
(sample volume: 50 μl) was measured with a cryoscopic osmometer 
(Osmomat 030, Gonotec, Germany). Deionized water (0 mOsmol/kg) and a 
standard solution (300 mOsmol/kg) served as reference. Plasma chloride was 
photometrically determined with Chloridliquicolor kit of Human (Human, 
Germany).
Analyses of hsp70 expression
Samples were kept on ice during mRNA extraction. Stored frozen tissues 
were ground in 2 ml round-bottom Eppendorf cups using 3 mm metal 
beads and vigorous shaking, twice for 45 s at 300 shakes/s with a grinding 
mill (Retsch). Homogenised tissue was dissolved in 400 μl TRIzol reagent 
(Invitrogen) and placed at room temperature for 5 minutes to optimize 
RNA yield. Subsequently 80 μl chloroform were added, mixed and left for 
2 - 3 minutes at room temperature. The aqueous phase was separated from 
the phenol by centrifugation, 10 minutes at 12,000g at 4 °C, and the top, 
aqueous phase, transferred to a new Eppendorf tube. RNA was precipitated 
at -20 °C for 2 hours by mixing the sample with 1 μl glycogen (5 mg/ml) and 
200 μl isopropanol. Precipitate was pelleted by centrifugation, 15 minutes 
at 12,000g and 4 °C, and the supernatant was discarded. Pellets were 
washed with 500 μl of ice-cold 75% ethanol to remove traces of chemicals 
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and centrifuged for 5 minutes at 12,000g at 4 °C. Supernatant was removed 
carefully and pellets were dried for 10 minutes at room temperature. Pelleted 
RNA was dissolved in sterile MilliQ water and additionally heated for 10 
minutes at 60 °C to increase yield. RNA concentrations were assessed with 
a nanodrop (ND-1000) spectrophotometer (Isogen Life Science). Total RNA 
(250 ng) was taken and traces of genomic DNA were removed by DNase 
treatment with 1 μl DNase I amplification grade (1 U/μl) (Invitrogen), 1 μl 
DNase I reaction buffer (10×) (Invitrogen) and incubation for 15 minutes 
at room temperature. Subsequently DNases were both chemically and 
thermically inactivated by addition of 1 μl EDTA (25 mM) (Invitrogen) and 
10 minutes incubation at 65 °C.
First-strand cDNA synthesis was started with 250 ng random primers 
(250 ng/μl) (Invitrogen) and 10 nmol dNTPs (10 mM) (Invitrogen). This was 
incubated for 5 minutes at 65 °C. RNA was snap-cooled in flake ice, and a 
mix, containing 4 μl 1st strand buffer (5×), 1 μl DTT (0.1 M), 10 U RNase 
Inhibitor (10 U/μl), 0.5 μl superscript II reverse transcriptase (200 U/μl) 
(Invitrogen) and 1.5 μl MilliQ water, was added. Copy-DNA synthesis was 
done with a thermal cycler (ARKTIK thermal cycler, Finzymes) and started 
with 10 minutes at 25 °C, 50 minutes at 42 °C and inactivation for 15 minutes 
at 70 °C. Copy-DNA was diluted (1:5) with sterile MilliQ water.
Quantitative, real-time PCR (Bio-Rad CFX96 real-time system and the 
c1000 touch thermal cycler; Bio-Rad laboratories) was done in a mix of 
4 μl cDNA (1:5 diluted), 10 μl SYBR green (2×) (Applied Biosystems), 1.2 μl 
forward primers (5 μM), 1.2 μl reverse primer (5 μM) and 3.6 μl sterile MilliQ 
water. Primer were hsp70: forward 5′-GAC ATC GAC GCC AAC GGG-3′, 
reverse 5′-GCA GAA ATC TTC TCT CTC TGC-3′; rpl13: forward 5′-TCT GGA 
GGA CTG TAA GAG GTA TGC-3′, reverse 5′-AGA CGC ACA ATC TTG AGA 
GCA G-3′; elf1α: forward 5′-CTG GAG GCC AGC TCA AAC AT-3′, reverse 
5′-TCA AGA AGA GTA GTA CCG CTA GCA TTA C-3′ (Sigma-Aldrich). The 
PCR program started with a denaturation step at 95 °C for 10 minutes to 
denature cDNA and activate the Hot-start Taq polymerase, followed by 40 
cycles consisting of 15 s at 95 °C and 60 s at 60 °C. Cycle threshold values (Ct-
values) were determined, and expression of hsp70 was calculated relative 
to the expression of the housekeeping genes rpl13 and elf1α (using Bio-Rad 
CFX Manager).
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Statistics
Data were checked for normality by use of the Kolmogorov-Smirnov test 
(n ≤ 6) or D’agostino and Pearson omnibus normality test (n ≥ 8). All statistical 
analyses were performed in Graphpad Prism 5 (Graphpad Software, USA). 
Normally distributed data or normally distributed log-log transformed data 
were subjected to parametric tests (t-tests and one- or two-way analysis of 
variance (ANOVA)). The Mann-Whitney U test or Kruskal-Wallis test with 
Dunn’s multiple comparison post-hoc test was applied when data sets did 
not obey normal distribution. Significance indicated by two-way ANOVA was 
followed by Bonferroni post-hoc testing. Statistical significance of differences 
between means was accepted when P ≤ 0.05. Data are presented as means ± 1 
standard deviation (s.d.); dissimilar letters indicate statistical significance.
Results
Zebrafish
Different concentrations of Pro-Tex® were tested on 5 dpf zebrafish 
larvae, and hsp70 mRNA expression was analysed (Figure 6.1). Significant 
differences were shown by one-way ANOVA (P = 0.0379) and Dunn’s 
multiple comparison post-hoc test showed that a 1:1,000 dilution of Pro-Tex® 
gave a significant increase in hsp70 mRNA expression compared with the 
non-Pro-Tex® control. Pro-Tex® 1:1,000 dilution also significantly increased 
hsp70 mRNA expression compared with the ethanol control (unpaired t-test; 
P = 0.0078). A Pro-Tex® dilution of 1:1,000 also significantly increased hsp70 
mRNA expression compared with 1:250,000. Pro-Tex® concentrations lower 
than 1:1,000 did not show a significant increase in hsp70 mRNA expression 
compared with controls.
Pro-Tex® was used in combination with a heat-shock to assess the 
effect on hsp70 mRNA expression under stress (Figure 6.2). A log-log 
transformation of the data was necessary to acquire normal distribution. 
Regardless of treatment heat-shock significantly increased hsp70 expression 
(two-way ANOVA F(1,29) = 3,928.17; P < 0.0001). No differences were found 
for treatments (F(2,29) = 0.79; P = 0.4613). However, the two-way ANOVA 
showed a significant interaction term between heat-shock and treatments 
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(F(2,29) = 8.19; P = 0.0015): a significant downregulation of hsp70 mRNA 
expression was observed when the larvae were pretreated with Pro-Tex® and 
challenged with a heat-shock (Bonferroni post-hoc test; P < 0.01), while a 
significant upregulation in hsp70 mRNA expression was seen compared with 
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Figure 6.1: Concentration-response curve of Pro-Tex® on hsp70 mRNA expression 
in 5 dpf zebrafish larvae. Pro-Tex® dilutions range from 1:250,000, 1:50,000, 
1:25,000, 1:10,000, 1:1,000 (v/v) and a 1:1,000 (v/v) ethanol control. Every data-
point represents one sample of pooled cDNA isolated from 10 zebrafish larvae. 
Horizontal lines reflect mean per group. Letters indicate significant difference between 
groups. Groups with identical letters are not significantly different from each other.
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Figure 6.2: Effect of Pro-Tex® in combination with a heat-shock on hsp70 mRNA 
expression in 5 dpf zebrafish larvae. Pro-Tex® and ethanol dilution used 1:1,000 (v/v). 
HS: Heat-shock i.e. 1 hour 37 °C. Significant differences are heat-shock F(1,29) = 3928.17; 
P < 0.0001; treatments F(2,29) = 0.79; P = 0.4613; interaction F(2,29) = 8.19; P = 0.0015. 
Every data-point represents one sample of pooled cDNA isolated from 10 zebrafish 
larvae. Horizontal bars express the mean per group. Data was tested by means of a two-
wayANOVA and indicated significant differences are based on a Bonferroni post-hoc test.
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control (and the ethanol control) when larvae were just pre-exposed to Pro-
Tex® (Bonferroni post-hoc test; P < 0.05). The response to heat-shocked, 
ethanol exposed larvae (HS + ethanol) was not significantly different from 
both the heat-shocked Pro-Tex®-treated larvae (HS + Pro-Tex®) or just heat-
shocked larvae (HS). 
Carp
No normal distribution was achieved of the plasma cortisol data 
(Figure 6.3a), thus no parametric two-way ANOVA could be done. Data 
were therefore analysed using parametric and non-parametric tests where 
appropriate. Pro-Tex® increased plasma cortisol levels compared with control 
(unpaired t-test with Welch’s correction; P = 0.0058). Net-confinement 
also resulted in significantly elevated plasma cortisol levels (Mann-Whitney 
U test; P = 0.0002) compared with control. Plasma cortisol levels were 
significantly lower when Pro-Tex® was used compared with confinement 
stress (Mann-Whitney U test; stress, P = 0.009). Pro-Tex® did not affect the 
response to confinement (Mann-Whitney U test; P = 0.6334; compared with 
confinement alone). Cortisol levels in the Pro-Tex®-treated stressed group 
were significantly higher than in controls (unpaired t-test with Welch’s 
correction; P = 0.0066) and the Pro-Tex®-treated-only group (unpaired t-
test with Welch’s correction; P = 0.0336).
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Figure 6.3: a, Plasma cortisol of common carp exposed to Pro-Tex® (1:250,000 (v/v)) 
combined with stress. b, Plasma glucose of common carp exposed to Pro-Tex® (1:250,000 (v/v)) 
combined with stress. Significant differences are stress F(1,36) = 11.25; P = 0.0019; Pro-Tex
® 
F(1,36) = 21.41; P < 0.0001; interaction, F(1,36) = 12.78; P = 0.001). Every data-point represents 
one fish. Horizontal lines reflect the mean per group. Letters indicate significant difference 
between groups. Groups with identical letters are not significantly different from each other.
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 To obtain an indication of the energy metabolism, plasma glucose levels 
were measured (Figure 6.3b). A log-log transformation of the data was 
necessary to pass normality test. Both stress (two-way ANOVA F(1,36) = 11.25; 
P = 0.0019) and Pro-Tex® (two-way ANOVA F(1,36) = 21.41; P < 0.0001) 
increased glucose levels, with no differences between groups, i.e. regardless of 
treatment, plasma glucose levels were increased to similar levels (interaction, 
two-way ANOVA F(1,36) = 12.78; P = 0.001). Thus, there was no additive effect 
of Pro-Tex® on stress-induced increases in plasma glucose levels.
Gill hsp70 mRNA expression data were not normally distributed even 
after data transformation (Figure 6.4). Pro-Tex® did not significantly 
increase hsp70 mRNA expression in gills compared with controls (Mann-
Whitney U test; P = 0.4002). Also, no significant effects were observed 
when the fish were exposed to a net-confinement stressor (unpaired t-test 
with Welch’s correction; P = 0.1254). Only when a combination of Pro-Tex® 
and stress was applied, a significant increase was observed in hsp70 mRNA
expression compared with control (unpaired t-test with Welch’s correction; 
P = 0.0355) as well as to Pro-Tex® (Mann-Whitney U test; P = 0.0185). 
However, stressed fish and fish that received a combination of Pro-Tex® 
and stress did not significantly differ (unpaired t-test; P = 0.3426) in hsp70 
mRNA expression. Thus, Pro-Tex® had no additive effect on stress-induced 
hsp70 mRNA expression.
The hsp70 mRNA expression data of the proximal intestine were log-log 
transformed to achieve normal distribution (Figure 6.5a). In the proximal 
intestine, a significant increase in hsp70 mRNA expression (two-way ANOVA 
F(1,35) = 18.11; P = 0.0001) was observed after stress. No effects of Pro-Tex
® 
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Figure 6.4: hsp70 mRNA expression in the gills of common carp exposed to Pro-Tex® 
(1:250,000 (v/v)) combined with stress. Every data-point represents one fish. Horizontal 
bars express the mean per group. Letters indicate significant difference between 
groups. Groups with identical letters are not significantly different from each other.
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(two-way ANOVA F(1,35) = 1.76; P = 0.1928) on hsp70 mRNA expression were 
detected, compared with either control or stress. Also no interaction was 
found between Pro-Tex® and net-confinement (F(1,35) = 1.80; P = 0.1884). 
Thus, Pro-Tex® had no additive effect on stress-induced hsp70 mRNA 
expression in this section of the intestine. 
The hsp70 mRNA expression data of the distal intestine were log-log 
transformed to achieve normal distribution (Figure 6.5b). Two-way ANOVA 
showed a significant increase in hsp70 mRNA expression due to Pro-Tex® 
and stress. In addition, levels of expression were higher following stress and 
Pro-Tex® than following either stress or Pro-Tex® (two-way ANOVA, stress 
F(1,30) = 10.01; P = 0.0036; Pro-Tex
® F(1,30) = 4.25; P = 0.0419, interaction, 
two-way ANOVA F(1,30) = 4.68; P = 0.0387).
Yellowtail kingfish
Analysis of plasma cortisol showed lower levels of cortisol in Pro-Tex®-
treated fish compared with AQUI-S®-treated fish after transport (Mann-
Whitney U test) (Table 6.1). Plasma osmolality (unpaired t-test) and plasma 
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Figure 6.5: a, hsp70 mRNA expression in the proximal intestine of common carp exposed 
to Pro-Tex® (1:250,000 (v/v)) combined with stress. Significant differences are stress 
F(1,35) = 18.11; P = 0.0001; Pro-Tex
® F(1,35) = 1.76; P = 0.1928; interaction F(1,35) = 1.80; P = 
0.1884. b, hsp70 mRNA expression in the distal intestine of common carp exposed to 
Pro-Tex® (1:250,000 (v/v)) combined with stress. Every data-point represents one fish. 
Horizontal bars express the mean per group. Significant differences are stress F(1,30) = 
10.01; P = 0.0036; Pro-Tex® F(1,30) = 4.25; F = 0.0419, interaction F(1,30) = 4.68; P = 0.0387.
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chloride concentration (unpaired t-test) were significantly lower in the Pro-
Tex®-treated fish compared with the AQUI-S®-treated group. No significant 
differences were observed for other metabolic parameters such as plasma 
lactate (Mann-Whitney U test) and plasma glucose (unpaired t-test with 
Welch’s correction).
Discussion
This paper presents effects of the supposed heat-shock (stress) protein 
inducer, Pro-Tex® 104, in three different fish-species, viz. zebrafish (Danio 
rerio), common carp (Cyprinus carpio), and yellowtail kingfish (Seriola 
lalandi) in combination with aquaculture-relevant stressors (temperature, 
net-confinement, and transport stress). Major findings are the following: (1) 
heat-shock produced a mild increase in hsp70 mRNA expression in 5-day-old 
zebrafish larvae. While Pro-Tex® per se increased hsp70 mRNA expression, 
it decreased the expression of hsp70 mRNA induced by heat-shock. (2) In 
young adult carp, Pro-Tex® increased plasma cortisol and glucose levels, 
but had no additional effect on the response to a mild stressor (increased 
plasma cortisol and glucose in response to net-confinement). In gills, and 
proximal as well as distal intestine, stress related increases in hsp70 mRNA 
expression were observed; we observed only in the distal intestine an additive 
stimulatory effect of Pro-Tex® on hsp70 mRNA expression. (3) In yellowtail 
kingfish, transport strongly increased plasma cortisol levels as well as plasma 
chloride levels and osmolality. Pro-Tex® reduced all these effects. Our data 
corroborate the notion that Pro-Tex® may have a protective effect but more 
so under high levels of stress, not under low levels.
Table 6.1: Analyses of various stress related parameters in blood plasma of 
yellowtail kingfish after a 3 hour transport. One group was pre-treated with 
Pro-Tex® and the other had AQUI-S® added to the water during transport. 
Dissimilar superscript letters within a single row indicate significant differences.
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Zebrafish larvae
Zebrafish larvae did not respond to a concentration of Pro-Tex® 
(1:250,000) with an increase in hsp70 mRNA expression. This concentration 
is advised by the manufacturer for use in aquaculture. A trend of increased 
hsp70 mRNA expression was seen at a concentration of 1:10,000. A vehicle 
(ethanol) contribution in the 1:1,000 dilution can be excluded, as ethanol 
alone at this concentration did not upregulate hsp70 mRNA expression. Lele 
and colleagues 221 reported that hsp70 mRNA expression slightly increased 
in zebrafish embryo’s exposed to 4% ethanol, but this is a 40 times higher 
concentration of ethanol than used in our experiment. We take the increase 
in hsp70 mRNA due to Pro-Tex® (1:1,000) to indicate that Pro-Tex® (1:1,000) 
enters the larvae and may thus be used at this concentration to induce stress 
proteins in early life stages of fish. The value of this observation needs further 
study for application in shipment of eggs with embryos between laboratories.
We observed a 1,500 fold increase in hsp70 mRNA expression in heat-
shocked larvae. This increase is higher than reported in the literature for 
similar conditions 221-223. However, this difference may be related to more or 
less subtle differences in strains used or experimental conditions. In contrast 
to our predictions, Pro-Tex® had a small but significant inhibitory effect on 
hsp70 mRNA expression in heat-shocked fish. The Pro-Tex®-induced change 
in hsp70 mRNA expression is small when compared with heat-shocks of 
37 °C 221,222 or 34 °C 224, which increase expression of this protein many fold 
depending upon temperature, tissue and duration. The effect of Pro-Tex® 
as a heat-shock protein inducer, in this case HSP70, seems modest. As we 
do not know the active principle nor the mechanism of action of Pro-Tex®, 
little can be said about the increase in hsp70 mRNA expression of Pro-Tex® 
by itself and the decrease in hsp70 mRNA expression under heat-shock 
conditions. However, the mild inhibitory action in heat-shocked zebrafish 
larvae would suggest that Pro-Tex® interferes with pathways activated by 
elevated temperature. Furthermore, we do not know whether the increase in 
hsp70 mRNA expression results in more functional protein, a requirement 
for functional effects. Studies on survival of temperature shocked, Pro-
Tex® treated fertillised eggs and larvae seems warranted.
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Carp
Net-confinement activated the HPI-axis and glucose metabolism (conform 
194,225,226). Also, addition of Pro-Tex® to water and feed mildly activated the 
HPI-axis and glucose metabolism, although no additive effect was found. 
The increase in plasma cortisol levels following Pro-Tex® was not due to the 
presence of corticosteroids in Pro-Tex® as mass spectrometry analysis of the 
Pro-Tex® used could not detect glucocorticosteroids (personal observations). 
The rise in plasma cortisol levels (from 46.9 in controls to 200.6 ng/ml) 
due to Pro-Tex® treatment was mild and not as strong as induced by net-
confinement. The increase in plasma cortisol levels was not due to the solvent 
ethanol as no effects were observed in controls (treated with ethanol at vehicle 
concentration, 0.0004% ethanol (v/v); see also Stouthart and colleagues 227). 
Cortisol increased almost 4 fold over controls when the fish were exposed to 
Pro-Tex®. This cortisol rise may explain the increased plasma glucose levels 
(review Wendelaar Bonga 74), as cortisol increases energy metabolism. We 
do not know how Pro-Tex® activates, directly or indirectly, the HPI-axis and 
metabolism. To what extent this Pro-Tex®-mediated increase in HPI-axis 
activity and metabolism helps fish to cope with stressors needs further study.
No upregulation of hsp70 mRNA by Pro-Tex® was found in the gills, 
proximal intestine and distal intestine. As cortisol downregulates heat-shock 
transcription factor expression through glucocorticoid receptor activation 
214, the stable level of hsp70 mRNA following Pro-Tex® treatment could be 
due to the elevated cortisol levels observed in Pro-Tex® treated carp. Our 
data on gills contrast with the data on carp by Sung and colleagues 212. They 
reported Pro-Tex®-enhanced HSP70 production in gills. This could be related 
to a difference between mRNA transcription activity and protein translation 
regulation (review: Silver and Noble 228). The 1,000 fold difference in Pro-
Tex® concentration applied in our study (1:250,000 v/v) and that of Sung and 
colleagues 212 (1:25,000,000 v/v) requires further study into the potency of 
Pro-Tex®. When a higher dose as used by us leads to activation of the HPI-axis, 
a suppression of hsp70 mRNA expression may be anticipated. Also, we cannot 
exclude differences in responses in the studies where age, supplier and stress 
history/background and strains may have differed. Notably, in the experiments 
of Sung and colleagues 212, an overall higher metabolism (fish kept at 28 °C 
versus 23 °C in our study) as well as inherent lower temperature and short 
acclimation period (7 days compared with 21 days) may relate to differences 
observed. At higher levels of stress and higher ambient temperature, gill 
epithelia may become more permeable 74 and allow better entry of waterborne 
Pro-Tex® via the gills and result in concentration-dependent effects. Clearly, 
assay of the active principle of Pro-Tex® in fish tissues and plasma is indicated 
for better understanding of its mechanisms of action.
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Net-confinement does upregulate hsp70 mRNA expression in the gills as 
well as proximal and distal intestine, but no significant correlation was found 
between hsp70 mRNA expression and plasma cortisol levels (data not shown). 
Similar increases in HSP70 production in gills of tilapia (Oreochromis 
mossambicus) after 4- or 5-hours net-confinement have been published 229. 
However, other studies did not observe a change in HSP70 production. For 
instance, 3 minutes netting and chasing does not alter HSP70 production 
during 24 hours in trout hepatocytes 230. Zarate and Bradley 231 showed that 
1 year old salmon did not increase hsp70 expression in gill after exposure to 
MS-222, 2-phenoxyethanol, formalin, feed deprivation, hyperoxia, hypoxia, 
crowding, capture stress and cold stress. These data confirm our result, 
that there may not always be a clear relationship between physiological and 
cellular stress.
Interestingly, in the distal intestine, so important for water balance 219, 
Pro-Tex® enhanced the hsp70 mRNA expression in stressed fish. Good 
osmoregulation is of prime importance in freshwater fish and support 
by a Pro-Tex®-mediated effect on distal enterocytes may be explained as 
beneficial. Stress-related catecholamine surges affect branchial permeability 
to water and ions and negatively impact water balance. Pro-Tex® may protect 
freshwater fish through actions on distal enterocytes involved in water 
transport. Differences in effects of Pro-Tex® under stress may further relate 
to differences in uptake efficiency by the gut, i.e. result from specialisations 
of proximal and distal intestine sections 218,219 in nutrient and water flows.
Yellowtail kingfish
Yellowtail kingfish is a seawater fish with a very active aerobic and 
anaerobic metabolism 232. Since it is almost impossible to safely transport the 
adult Seriola without sedation, we used AQUI-S®. Transport is challenging 
to fish 80,82 as it results in an accumulation of diverse stressors and may lead 
to mortality. No mortality was observed in the experiment reported here. 
Transport, either with AQUI-S® or with Pro-Tex® increased blood plasma 
parameters compared with values found in juvenile yellowtail kingfish 232. 
No AQUI-S® control group was taken, but data from other fish-species show 
that AQUI-S® does not increase plasma cortisol 233, but can affect plasma ion 
levels 234.
Plasma cortisol levels after transport following Pro-Tex® treatment were 
higher than baseline levels (27.2 ± 14.0 ng/ml Cook and Herbert 235; < 20 ng/
ml; unpublished data) but significantly lower than values of AQUI-S® treated 
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fish. Plasma osmolality (and plasma chloride levels) was increased in AQUI-
S®-treated fish compared with Pro-Tex®-treated fish after transport. The 
Seriola seems sensitive to disturbance of plasma osmolality and ion levels 
in the blood, which cannot be kept at basal levels (ranging from 385 to 
409 mOsmol/kg 232) under the stressful conditions of transport. The increase 
in plasma osmolality may partially be ascribed to the rise in plasma chloride, 
which increased after transport, both after Pro-Tex® and AQUI-S® treatment. 
Acute stress can quickly affect hydromineral balance in fish 74 and is stressor-
intensity-dependent. Transport is considered one of the stronger (combined) 
stressors for fish.
No difference was observed in plasma glucose between Pro-Tex® and 
AQUI-S® treated fish. The levels are within the range published by Abbink 
and colleagues 74 (between 6.22 and 8.49 mM). However, compared with 
basal plasma glucose levels (1.2 ± 0.2 mM 235), there is a 7 fold increase 
after transportation. Also no differences were noticed in plasma lactate, 
but compared with basal levels (0.8 ± 0.2 mM 235), there is almost a 13 fold 
increase. The discrepancy between our data of glucose and lactate and the 
results of Cook and Herbert may be temperature, age, pH or feed related or 
be due to technical differences in analyses.
For the Seriola, Pro-Tex® seems to reduce the negative effects of a transport 
stressor more efficiently than when the fish are sedated with AQUI-S®. Most 
stress parameters are almost within normal physiological range 232 for the 
Seriola transported with Pro-Tex®.
Overall discussion
Pro-Tex® has species-specific and developmental stage-specific effects. 
We did not observe a change in hsp expression under Pro-Tex® treatment in 
zebrafish larvae or common carp unless concentrations were relatively high. 
This is in contrast to published data 104,208,212. Only in yellowtail kingfish, an 
effect of Pro-Tex® on stress was observed, not in common carp or zebrafish 
larvae. Except for the difference between species, the experiments differ in 
intensity of the applied stressor. Transport is an accumulation of stressors 
and probably the most intense stressor applied in this study. It is preferable 
to further study the effects of Pro-Tex® on the physiology of fishes.
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Abstract
The aquaculture sector is growing worldwide. Sustainability, among it 
fish welfare, is an important issue for a socially responsible aquaculture 
sector. Fish welfare not only encompasses measuring parameters 
indicative of ‘good’ or ‘poor’ welfare, but also tools to assess whether a given 
aquaculture facility is functioning within accepted or acceptable species-
specific physiological/behavioural limits. Starting from the idea that 
adaptation to a stressor reflects the adaptive capacity of fish, and hence 
its current allostatic state in a given system. We developed a diagnostic 
tool to assess this adaptive capacity. The African catfish was used as case 
study as we, and others, have measured the adaptive capacity of African 
catfish under different housing conditions by assessing the allostatic load 
of a stressor. Hence, the tool was named catfish recovery (CaRe) tool. We 
focused on the profile of plasma cortisol before, during and after a stressor, 
i.e. baseline values, peak values and recovery necessary for plasma cortisol 
to return to baseline. The CaRe tool was developed using data of fish kept 
under ‘good’ husbandry conditions. Data from ‘good’ and ‘poor’ husbandry 
conditions were used to determine sensitivity and specificity of the different 
parameters (baseline, peak and recovery). While some parameters were 
better at dissociating ‘good’ from ‘poor’ conditions, others were relatively 
poor. More studies are needed to validate the discriminative power of the 
CaRe tool.
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Introduction
Sustainable aquaculture is a focus point of the European Union 49. An 
important element of sustainability is animal welfare 50. Several papers have 
highlighted ways of measuring welfare in fish-species 48,53,75-77, for instance by 
measuring growth, immune status, nutritional status, gill ventilation, heart 
rate and behaviour. While animal welfare is defined in different ways 67-71, key 
to all definitions is that poor welfare is associated with overtaxing the coping 
capacity of animals, i.e. allostatic overload 72. 
Successive or cumulative exposure to stressors may compromise the 
allostatic capacity of an animal and lead to allostatic overload and poor 
welfare 68,71. Allostatic overload leads to mal-adaptation of the stress system, 
i.e. it decreases growth 236, reproduction 237,238 and resistance to pathogens, 
as well as induces abnormal behaviour, e.g. stereotypies and depression-
like behaviour 74,91, and may finally increase mortality 73. Cortisol is a prime 
mediator of allostasis in fish and influences both mineralocorticoid receptor 
mediated responses (regulation of hydromineral balance) and glucocorticoid 
receptor mediated responses, which are related to energy metabolism, the 
immune system, and the reproductive system 74. 
Stress consumes energy normally used for other processes. This 
reallocation of energy may influence adaptive capacity to an additional acute 
stressor. Therefore, recovery from a standardised acute stressor on top of 
the ‘normal’ or experimental husbandry conditions reflects the allostatic 
load of that stressor and can be indicative of an animal’s allostatic state 
under those husbandry conditions 73. In earlier studies we have applied this 
method to assess the allostatic state and adaptive capacity of African catfish 
(Clarias gariepinus) under different aquaculture related settings (Manuel 
et al. (Submitted), Boerrigter et al.83, chapter 3). Parameters measured 
were related to activation of the stress-axis (cortisol), changes in energy 
metabolism (glucose, lactate, NEFA) and occurrence of aggressive behaviour 
(skin lesions). As data on stressor-related physiology and behaviour are 
present of aquaculture conditions which are within and outside the normal 
physiological/behavioural range of African catfish (see Table 1, p. 142), this 
offers the opportunity to develop a diagnostic tool to assess adaptive capacity 
and welfare of African catfish. Such a tool may be of help in assessing welfare 
of African catfish in aquaculture systems, either as part of regulatory control, 
system maintenance, or development of new aquaculture systems. Here, we 
used only data from plasma cortisol levels to show the principle of the tool, 
which we coined: catfish recovery (CaRe) tool. For this tool performance 
characteristics such as sensitivity and specificity are relevant and, therefore, 
both are discussed in this chapter.
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Baseline, peak and recovery as reflection of 
adaptive capacity 
Recovery from a challenge reflects the adaptive capacity of fish (see for 
instance Manuel and colleagues 82). In our earlier studies (83,23, chapter 3), 
we challenged African catfish with a standardised stressor, i.e. 15 minutes air-
exposure, to assess adaptive capacity under different husbandry conditions. 
In short, air-exposure means that fish were confined for 15 minutes in a 
black plastic tub without water. Subsequently, fish were allowed to recover in 
aquaria. Physiology (stress-axis activity, energy metabolism) and behaviour 
(skin lesions, indicative of aggression) of fish were analysed at different time-
points, i.e. before air-exposure (baseline), directly after air-exposure (peak), 
and 15, 30, 45 and 60 minutes after termination of the stressor (recovery 
period). Here, we were only interested in plasma levels of cortisol as read-
out of stress-axis activity. Figure 7.1 shows a schematic representation of 
the normal (plasma) cortisol response following an acute stressor, such as 
air-exposure, which we used: from a given baseline, cortisol levels rise until 
they peak (peak value), whereafter they return to prestressor baseline values 
(recovery period). 
As indicated above, earlier life experiences, as well as current housing 
conditions, influence baseline, peak values and recovery period of the cortisol 
stress response. Baseline values of cortisol reflect the allostatic state of, among
Recovery
PeakBaseline
Time
Stressor
Baseline level
Figure 7.1: Schematic representation of a normal short-term stress response. This 
results in an increase of plasma cortisol until it reaches a maximum value (peak). 
Subsequently, it returns to the pre-stress baseline (red line) condition (the recovery period).
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others, the husbandry period before the administration of the stressor. For 
instance, elevated baseline cortisol levels can be indicative of chronic stress, 
due to unpredictable/uncontrollable conditions 68. We take cortisol values 
directly after the stressor as indicative of peak levels in our experiments. 
Peak levels of cortisol indicate whether a normal stress response is launched 
or not, i.e. a blunted stress response is indicative of chronic stress 68. When 
baseline levels are high, the stress system may be compromised. Hence not 
only absolute peak levels are of interest, but also levels relative to baseline 
values. The recovery period encompasses the return of plasma cortisol to 
basal levels, beginning at the peak and ending at baseline level and reflects 
the adaptive capacity of fish: the longer the recovery time the more stressed 
the fish may be 82.
Developing the CaRe tool
The CaRe tool contains 3 parameters, i.e. baseline values, peak values and 
values representative of the recovery period. Each parameter was considered 
separately. Not all studies from the literature were included in the CaRe tool 
and not all parameters included the same number of data. The tool represents 
the adaptive capacity of African catfish under husbandry conditions that are 
within the normal physiological/behavioural range (‘good’ conditions). We 
predefined husbandry conditions that were outside the normal physiological/
behavioural range, e.g. poor water quality and extreme densities (‘poor’ 
conditions). We started with a database that included (published and 
unpublished) empirical studies on African catfish welfare (Table 7.1). 
Baseline and peak
Data selection for plasma cortisol baseline and peak levels was done 
following the flow chart shown in Figure 7.2. First, studies without data 
on baseline plasma cortisol and an air-exposure stressor at the end of the 
experiment (for peak levels) were excluded. Second, we wished to include 
well-described experimental methods in the tool. Therefore, studies 
not performed or analysed in the laboratory facilities of the department 
Organismal Animal Physiology of the Radboud University Nijmegen were 
excluded. Third, data of studies/groups without information about water 
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quality, or data of studies/groups with water quality parameters exceeding 
recommended limits were excluded (recommended limits, ammonia: < 24 
μM 38, nitrite: < 43 μM 40, nitrate: < 10 mM 39). Finally, as we could only 
use mean values per study/group the remaining data were tested for outliers 
(baseline and peak). Only data that passed Grubbs’ test for outliers (P < 0.05) 
were accepted and included in the CaRe tool. 
The studies/data selected in the baseline and peak of the CaRe tool are 
presented in Table 7.2. From these data mean values for baseline levels and 
peak levels were calculated as well as the 95% prediction intervals (PI) (Table 
7.3). Since the CaRe tool is created using means of groups the PI indicates that 
Table 7.1: Studies included in the database before selection.
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95% of future observations, i.e. the mean values of groups of catfish under 
normal husbandry conditions, will be within this interval 239. When baseline 
cortisol levels are constantly high, the increase in production during or after 
stress may be limited. Therefore, next to absolute peak plasma cortisol levels, 
mean relative peak levels were also calculated, i.e. peak values relative to 
baseline (± the 95% PI). The data are presented in Table 7.3 
Total data set
Cortisol data available
for baseline and peak
Experiment and analyses 
performedin our laboratory
Water quality parameters
outside normal husbandry situations
Do data pass Grubbs’ test for outliers
P < 0.05
Data used
Exclude data
from set
Yes
No
Exclude data
from set
Exclude data
from set
Exclude data
from set
No
No
No
Yes
Yes
Yes
Threshold:
Ammonia < 24 μM
Nitrite < 43 μM
Nitrate < 10 mM
Information
from literature
Figure 7.2: The process for developing the basal and peak phase of the CaRe tool. Studies 
that did not include data of baseline or peak plasma cortisol were excluded. Studies not 
performed or analysed in the laboratory facilities of the department Organismal Animal 
Physiology of the Radboud University Nijmegen were excluded. Data of studies/groups 
without information about water quality, or data of studies/groups with water quality 
parameters exceeding recommended limits were excluded. Recommended limits were 
obtained from literature: ammonia: < 24 μM 38, nitrite: < 43 μM 40, nitrate: < 10 mM 39. Finally, 
the remaining data were tested per parameter (baseline and peak) for outliers. Only data 
that passed Grubbs’ test for outliers (P < 0.05) were accepted and included in the CaRe tool.
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Recovery
Data selection for the recovery phase was done via a similar flow chart as 
for the baseline values and peak values (Figure 7.3). We started with the same 
database as for baseline values and peak values (Table 7.1). First, studies 
without data on plasma cortisol and an air-exposure stressor at the end of the 
experiment were excluded. Second, as indicated above we wished to include 
well-described experimental methods. Therefore, studies not performed or 
analysed in the laboratory facilities of the department Organismal Animal 
Physiology of the Radboud University Nijmegen were excluded. Third, 
data of studies/groups without information about water quality, or data 
of studies/groups with water quality parameters exceeding recommended 
limits were excluded (recommended limits, ammonia: < 24 μM 38, nitrite: 
< 43 μM 40, nitrate: < 10 mM 39). Fourth, predefined recovery times varied 
between studies. Therefore, plasma cortisol levels for intermediate recovery 
times and for recovery times exceeding the time frame that was analysed 
(maximum 60 minutes after the stressor) were calculated. MS Excel 2007 
was used to fit a power function (y = axb) to the data of each group in the 
Author Journal Year Group
Baseline Peak Recovery
Manuel et al. Journal of 
Fish Biology
2015
L:D 3x daily L:D 3x daily L:D 3x daily
D:D 3x daily D:D 3x daily D:D 3x daily
L:D Pendulum
D:D Pendulum
D:D 
Pendulum
L:D Continuous
L:D 
Continuous
L:D 
Continuous
D:D Continuous
D:D 
Continuous
D:D 
Continuous
D:L D:L D:L
Boerrigter et al. Aquaculture 
Research
2015
LD NF LD NF LD NF
LD DF LD DF
HD NF HD NF HD NF
HD DF HD DF HD DF
HD + T NF HD + T NF HD + T NF
HD + T DF HD + T DF HD + T DF
Schram et al.
Aquaculture 2010 4 μM NH3
14 μM NH3
Aquaculture 
Research
2014
0.39 mM NO3
1.46 mM NO3
4.21 mM NO3
Table 7.2: Studies and groups selected to create the CaRe tool.
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recovery period, which included the peak of that group. Goodness of fit (R2) 
for the power function per group was set at R2 ≥ 0.90, thus data of groups 
with R2 < 0.90 were not included. This (relatively) high R2-value assures a 
good fit of the power function to the data. 
The studies included in the recovery period of the CaRe tool are presented in Table 
7.2. From these data mean values for the different recovery time-points were calculated 
as well as the 95% prediction intervals (PI). The data are presented in Table 7.3. 
Total data set
Recovery analysed in experiment
and cortisol data available
Experiment and analyses 
performedin our laboratory
Water quality parameters
outside normal husbandry situations
R2 of power function above set threshold
R2 ≥ 0.90
Data used
Exclude data
from set
Yes
No
Exclude data
from set
Exclude data
from set
Exclude data
from set
No
No
No
Yes
Yes
Yes
Threshold:
Ammonia < 24 μM
Nitrite < 43 μM
Nitrate < 10 mM
Information
from literature
Figure 7.3: Flowchart representing data selection leading to the foundation for 
the recovery parameter of the CaRe tool. Studies without data on plasma cortisol or 
without an air-exposure stressor at the end of the experiment were excluded. Studies 
not performed or analysed in the laboratory facilities of the department Organismal 
Animal Physiology of the Radboud University Nijmegen were excluded. Data of studies/
groups without information about water quality, or data of studies/groups with water 
quality parameters exceeding recommended limits were excluded. Recommended limits 
were obtained from literature: ammonia: < 24 μM 38, nitrite: < 43 μM 40, nitrate: < 10 
mM 39. Plasma cortisol levels for intermediate recovery times and for recovery times 
exceeding the time frame that was analysed were calculated. MS Excel 2007 was used 
to fit a power function to the data of each group (y = axb) in the recovery, including the 
peak of that group. Data of groups with R2 < 0.90 of the power function were not included.
146
Towards a ‘diagnostic tool’ for African catfish
An estimated recovery time (ERT) was calculated for each group. Using 
the power-function method described above, the time necessary for plasma 
cortisol to return from peak levels exactly to baseline was calculated for each 
group. On average, plasma cortisol levels return exactly to baseline after 324 
minutes (lower 95% PIERT, 0 minutes; upper PIERT, 769 minutes). 
Final result
Figure 7.4 shows the final result of baseline, peak and recovery period. 
Table 7.3: Mean values of plasma cortisol (ng/ml) for baseline levels, peak levels and recovery 
levels. We used a 95% prediction interval (PI) and lower and upper limits of the PI are shown. 
Mean estimated recovery time (ERT) and lower and upper PI limits are presented in minutes.
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Sensitivity and specificity of the CaRe tool
Framework
Sensitivity and specificity are important performance characteristics of our 
CaRe tool. Sensitivity and specificity are used for instance, in assessing the 
value of diagnostic tests in e.g. medicine 240. Four categories of positive and 
negative scores may be identified for diagnostic tools/test: (1) true positive 
scores (TP): correctly identified by the tool as catfish kept under ‘poor’ 
husbandry conditions; (2) false positive scores (FP): incorrectly identified by 
the tool as catfish kept under ‘poor’ husbandry conditions; (3) true negative 
scores (TN): correctly identified by the tool as catfish kept under ‘good’ 
husbandry conditions; (4) false negative scores (FN): incorrectly identified 
by the tool as catfish kept under ‘good’ husbandry conditions. From these 
categories the sensitivity and specificity are defined. Sensitivity refers to 
the percentage of correctly identified ‘poor’ husbandry conditions, i.e. the 
proportion of true positives, while specificity refers to the percentage of 
correctly identified ‘good’ husbandry conditions, i.e. the proportion of true 
negatives: 
Sensitivity = TP/(TP+FN); Specificity = TN/(TN+FP) 
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Figure 7.4: The CaRe tool with estimated recovery time for plasma cortisol 
(ng/ml) under normal husbandry conditions. The black line is the mean plasma 
cortisol level; the dotted black lines represent the mean ± 95% prediction 
interval. Green dotted line indicates the mean estimated recovery time 
(ERT) in minutes. The red dotted line shows the baseline level (time-point 0).
148
Towards a ‘diagnostic tool’ for African catfish
Ideally, to determine sensitivity and specificity, a new series of experiments 
is needed, with predetermined ‘good’ and ‘poor’ housing conditions to predict 
how well the tool will discriminate between conditions. We currently do not 
have such a series of experiments available. However, as a first approximation 
and to show the principles underlying the idea of sensitivity and specificity, 
the data of the present series of experiments/studies may be used to assess 
the value of the different parameters, i.e. baseline, peak and recovery. Data 
selection for the CaRe tool was done according to predefined specifications, 
which were not related to the parameters per se. Hence, we may use the 
studies included, as well as excluded from the tool, to assess sensitivity and 
specificity. Thus, the CaRe tool was compared with data from fish that were 
exposed to aversive water conditions, i.e. data that were excluded from the 
CaRe tool (Table 7.4), and with data included into the CaRe tool (Table 7.2). 
In the excluded groups water quality parameters of copper, ammonia, nitrite 
or nitrate were outside the range of normal physiological limits 38-40 (Table 
7.4). Sensitivity and specificity were calculated for the three parameters 
(baseline, peak and recovery) separately. This allows for assessing which of 
these parameters is currently most adequate. The data of the different groups 
were categorised as to whether the mean plasma cortisol levels fell within 
the PI of the parameters: true positive, false positive, true negative, false 
negative (Table 7.5). 
Author Journal Year Group Exposed to Concentration
Boerrigter et al. Chapter 3(not published) 2015
Control Copper 2.05 μM Cu2+
Pair-fed Copper 2.05 μM Cu2+
Ammonia-
exposed
Copper + 
Ammonia
2.05 μM Cu2+
121 μM NH3
Roques et al. Aquaculture 
Research
2015
111 μM NO2 Nitrite 111 μM
280 μM NO2 Nitrite 280 μM
459 μM NO2 Nitrite 459 μM
928 μM NO2 Nitrite 928 μM
921 μM NO2
+NaCl Nitrite 921 μM
Schram et al.
Aquaculture 2010
38 μM NH3 Ammonia 38 μM
176 μM NH3 Ammonia 176 μM
1084 μM NH3 Ammonia 1084 μM
Aquaculture 
Research
2014 9.69 mM NO3 Nitrate 9.69 mM
27.04 mM NO3 Nitrate 27.04 mM
Table 7.4: Studies excluded from the CaRe tool.
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Calculations
Baseline cortisol (n = 18 groups) has a sensitivity of 0.73 and specificity of 
1.00 (Table 7.6). So, 27% of ‘poor’ husbandry conditions were falsely identified 
as ‘good’ husbandry conditions. All the groups representing fish kept under 
‘good’ conditions were identified as such. 
Absolute peak cortisol levels (n = 12 groups) had a sensitivity of 0.25 and 
a specificity of 0.92 (Table 7.6). So, 75% of ‘poor’ husbandry conditions were 
falsely identified as ‘good’ husbandry conditions. However, only 8% of the ‘good’ 
housing situations were falsely identified as ‘poor’ conditions. The relative peak 
cortisol levels had a sensitivity of 0.25 and a specificity of 0.92 similar to the 
absolute levels (Table 7.6). 
Sensitivity and specificity were calculated for each recovery time-point (n = 
10 groups; Table 7.6). While the specificity was overall high (0.90), the sensitivity 
increased in time (from 0.33 - 0.40 to 0.60 - 0.80). The mean sensitivity of the 
recovery phase is 0.54 ± 0.14 (excluded absolute peak) and mean specificity of 
the recovery phase is 0.92 ± 0.04 (excluded absolute peak). So, 46% of ‘poor’ 
husbandry conditions were falsely identified as ‘good’ conditions, while 8% of 
‘good’ husbandry conditions were falsely identified as ‘poor’ conditions. 
The sensitivity of the ERT was 0.00 and its specificity was 0.90. Thus 
using ERT 100% of ‘poor’ housing conditions were falsely identified as ‘good’ 
husbandry conditions, while 10% of ‘good’ conditions was falsely identified as 
‘poor’ husbandry conditions. 
The overall (the average of the baseline, peak and recovery) sensitivity of the 
CaRe tool is 0.53 ± 0.17 and the specificity is 0.93 ± 0.05. Thus, 47% of ‘poor’ 
conditions were falsely identified as ‘good’ husbandry conditions, while 7% of 
‘good’ conditions were falsely identified as ‘poor’ husbandry conditions. 
Sensitivity Specificity
Baseline 0.73 1.00
Recovery 
Peak (absolute) 0.25 0.92
Peak (relative) 0.25 0.92
30 minutes 0.33 0.90
45 minutes 0.40 1.00
60 minutes 0.40 1.00
75 minutes 0.50 0.90
90 minutes 0.60 0.90
105 minutes 0.60 0.90
120 minutes 0.60 0.90
135 minutes 0.80 0.90
150 minutes 0.60 0.90
ERT 0.00 0.90
Table 7.6: Sensitivity and specificity per parameter of the CaRe tool.
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Discussion and concluding remarks 
To the best of our knowledge this is the first time that an attempt has been 
made to use the concept of allostasis explicitly to develop a diagnostic tool 
to assess the adaptive capacity and welfare of fish. We modelled the plasma 
cortisol response following a standardised stressor to produce a profile 
indicative of fish housed under normal husbandry conditions. The CaRe 
tool has been developed for African catfish in a weight range from 35 to 254 
grams. This resembles the growth phase before sorting (10 - 300 gram) in 
Dutch African catfish farming 34. 
We assessed the sensitivity and specificity of the CaRe tool using 
unpublished data and data from the literature. While the specificity is overall 
high - only a few ‘good’ conditions are misjudged as ‘poor’ conditions - the 
sensitivity varies across the different parameters. The baseline correctly 
identified 73% of all ‘poor’ husbandry conditions, or, alternatively, 
misjudged 27% of ‘poor’ conditions to be ‘good’. There was no difference in 
sensitivity or specificity between the absolute peak and the peak relative to 
baseline. Especially the sensitivity of the peak parameter is currently poor: 
25% of ‘poor’ correctly identified, or, alternatively, misjudged 75% of ‘poor’ 
conditions to be ‘good’. The recovery period correctly identified 54% of ‘poor’ 
husbandry conditions or alternatively misjudged 46% of ‘poor’ conditions 
to be ‘good’. Using only ERT, 0% of fish reared under ‘poor’ husbandry 
conditions were correctly identified and 100% was falsely identified as 
‘good’ husbandry condition. A high goodness of fit (R2) of the curve fitting 
is crucial for reliable ERT comparison and the control (R2 = 0.89) and pair-
fed (R2 = 0.74) group in chapter 3 did not meet predefined requirements 
(R2 ≥ 0.90; Figure 7.3). Hence, ERT calculated for these two groups may be 
different and is therefore difficult to compare with the CaRe tool. When we 
calculated averages we could correctly identify 53% of all ‘poor’ husbandry 
situations, while 47% of ‘poor’ husbandry conditions were falsely identified 
as ‘good’. Thus, at present baseline cortisol appears the best parameter in 
the current version of the CaRe tool. Increased baseline values of cortisol 
are often a reflection of chronic stress 82. However, one reason for this may 
be that it was based on the highest number of data-points. Increasing the 
number of data-points will improve the quality of the other parameters 
of the tool. Still, it should be noted that the sensitivity in the recovery 
period, which was based on a lower number of data-points, increased in 
time-points that were more related to baseline. This suggests that overall 
baseline values may be a strong indicator. The possibility should therefore 
also be entertained that the stressor in its present form may not discriminate 
sufficiently between different conditions, i.e. it may be too mild (for African 
catfish, a very robust species) to reflect differences in adaptive capacity. 
153
                  Chapter 7
We assume that the CaRe tool is representative of total African catfish 
population kept under normal husbandry conditions. The PI shows the 
interval in which future observations from fish under normal husbandry 
conditions will fall with a probability of 95%. The probability limit (set to 
95%) of this interval may need discussion. It can be increased, resulting in 
a broader range of ‘good’ husbandry conditions. However, this may also 
increase the number of falsely identified ‘good’ husbandry conditions, i.e. 
false negatives. Decreasing these 95% limits will result in a smaller range 
of ‘good’ husbandry conditions. However, this may increase the number of 
false positives. So setting these limits is a trade-off between false positives 
(affecting specificity) and false negatives (affecting sensitivity). 
In this chapter we focus on sensitivity and specificity, important 
parameters for performance characteristics of our tool. However, validation 
comprises well-standardised procedures and criteria for assessment thereof. 
Below a brief description is given of a validation plan with steps that need to 
be taken.
Physical, chemical or biological analyses serve many different purposes, 
from quantifying the concentration of a compound to identifying living 
organism or its biological status. Hence, different methods for analysis 
require varying validations 241. The validation plan is determined by the 
analytical requirements, as defined on the basis of user needs or as laid down 
in regulations. In addition, it is known that the extent of validation and the 
choice of performance parameters to be evaluated depend on the status and 
experience of the method of analysis 242. 
In general, a validation plan comprises the following steps 243:
• Method development plan
• Background information gathering
• Laboratory method development
• Generation of test procedure
• Methods validation protocol definition
• Validated test method generation
• Validation report
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Validation requirements, which are part of the validation protocol, 
depend on the type of test method. These requirements include performance 
characteristics such as specificity, accuracy, linearity, precision, range, 
detection limit, quantitation limit and robustness 243.
Obviously, our tool needs to be better studied with more ‘good’ husbandry 
conditions and conditions that overtax the adaptive capacity of catfish (‘poor’ 
conditions), and maybe with different levels of the acute stressor. Until now, 
data integrated into the CaRe tool were acquired under laboratory conditions. 
Whether the CaRe tool will reflect the adaptive capacity of fish on a farm 
needs to be addressed in future studies. There are many factors that may 
have an effect on the CaRe tool, e.g. age of the fish, supplier, stocking density 
and feeding. The effect of these factors on the CaRe tool should be mapped 
carefully to identify the usefulness of the tool under different circumstances.
Here, we focussed on the profile of plasma cortisol, but cortisol regulation 
may be affected due to diurnal and seasonal variation, or environmental 
and genetic factors 86. Furthermore, animal coping styles, like pro-active 
and reactive coping styles, might influence the amplitude and duration of 
the stress response 244. The next version of the CaRe tool should incorporate 
additional parameters indicative of allostatic load, such as related to energy 
metabolism, e.g. plasma glucose, adrenergic responses or behaviours 
indicative of stress, e.g. aggression, thereby increasing its strength.
As sustainability in aquaculture becomes a more important topic 49,111 it is 
likely that fish welfare assurance systems, as described by Van de Vis et al. 
245, will be implemented in the future to safeguard the welfare of farmed fish. 
The CaRe tool can be of aid in such a welfare assurance assessment of fish 
farms, i.e. it can function as a marker for catfish welfare, or it can be used for 
the interpretation of scientific studies concerning catfish welfare. However, 
standardisation of sampling methods is of vital importance to the accuracy of 
the CaRe tool, which may limit its use. Using a database, a tool was created 
which may assess ‘good’ and ‘poor’ welfare conditions for African fish. We 
emphasize that this is the first version of the CaRe tool needing further 
experiments to increase its strength.

“The aim of argument, or of discussion, should not be victory, but progress.”
      - Joseph Joubert
Chapter 8
Summary and general discussion
158
Summary and general discussion
The aims of this thesis were to increase knowledge on welfare of African 
catfish (Clarias gariepinus) in aquaculture, to study tools to assess welfare 
and to study ways of increasing resilience to stressors. This involved 
laboratory experiments with aquaculture related stressors, commercial fish 
transports and reducing allostatic load of stressors by inducing heat-shock 
proteins. Main findings and their interpretation are integrated below and 
discussed in light of findings in the literature. 
Allostatic load of aquaculture related stressors
Feeding regime
In chapter 2 and 3 the effects of normal aquaculture related stressors 
on allostatic state and allostatic load were studied in African catfish. The 
effects of density, enrichment and day or night-feeding (chapter 2) on 
growth, feed conversion ratio (FCR) and basal stress physiology as well as 
on recovery from air-exposure were assessed. African catfish is a nocturnal 
animal 5,9,10,122,246 and it was shown that feeding during the catfish’s night 
phase enhanced growth and lowered FCR. Even though African catfish can 
adapt to day-feeding, ad libitum self-feeding of these fish showed that they 
prefer to consume about 2/3 of their daily ration at night 246. Observations 
of increased growth resulting from night-feeding have also been done in 
other catfish-species 115,122,247. Whether the increased weight gain in night-fed 
African catfish originates from an increase in muscle tissues or an increase 
in adipose tissue or both, is presently not known and should be answered in 
future studies. However, it has been demonstrated that day-feeding of the 
nocturnal vundu catfish (Heterobranchus longifilis) increased its abdominal 
fat content compared to night-feeding 247. The relation between circadian 
rhythm and feed intake on the amount of adipose tissue has not only been 
shown in fish, but also in other vertebrates such as rats and humans 248. In 
general it follows from these studies that feeding during the resting phase 
increases fat content. Therefore, it is likely that night-feeding African catfish 
results in lower fat content and additionally a better FCR, i.e. more muscle 
tissue with less feed.  
Night-feeding in catfish aquaculture might induce a practical problem 
as it can hinder farmers to observe the feeding behaviour of the fish, e.g. 
squander of feed and eagerness to feed. This problem may be resolved by 
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slightly increasing the light intensity during night. In this way the circadian 
rhythm can be maintained because this depends on the contrast between 
day, i.e. high-light condition, and night, i.e. low-light condition. Thus night 
can be a low-light condition that still provides the farmer sufficient visibility 
to observe his animals. When the day-night cycle is reversed (e.g. low-light 
from 07.00 - 19.00 o’clock; high-light from 19.00 - 07.00 o’clock), the farmer 
can feed his fish during his/her normal awake hours of the day. However a 
reversed day-night cycle entails one potential problem. Most farm-related 
activites take place during the farmer’s daytime. When these activities (or 
in general daytime activities such as traffic) include too many stressors, 
these occur during the dark hours in a reversed day-night cycle. It has been 
shown that disturbances during the dark period may lead to more aggression 
(Manuel et al. submitted). Data on zebrafish have shown that the presence 
of stressors during the resting period (catfish, light phase of the cycle) lead 
more quickly to chronic stress than stressors present during the active 
period 249 and it should be noted that this might also occur when catfish are 
kept under a normal day-night cycle. Overall therefore the choice of light 
regimes and feeding-times is a trade-off between different animal-based and 
management-based factors.
From a financial point of view, night-feeding is likely to be financially 
profitable as in our study FCR decreased almost by half, from 0.89 g feed/g 
fish in day-fed fish to 0.45 g feed/g fish in night-fed fish. Given that feed is 
one of the main costs of catfish farming this may lower the costs of catfish 
farming substantially. 
Enrichment
Introducing enrichment during husbandry that meets the biological needs 
of the animal can be beneficial for its welfare 102,250-257. Following from this idea 
we introduced pvc-tubes as enrichment for African catfish, to provide (more) 
shelter/hiding space. However, the data showed that providing enrichment 
in the form of pvc-tubes, under high-density conditions increased aggression, 
raised baseline cortisol levels and amplified the endocrine response to air-
exposure for African catfish (chapter 2). It also resulted in decreased basal 
metabolism and growth. Hence our idea of enriching the environment of 
catfish using pvc-tubes turned out to be counterproductive. One reason may 
be that it increased territoriality. For instance, it has been shown by Hecht 
and Appelbaum 101 that the provision of shelter to African catfish can promote 
territoriality under light conditions 101. However, another reason may be that 
it reduced availaible living space as fish did not use the tubes as indicated 
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in chapter 2. Whatever the reason, it is clear that these data indicate that 
introduction of shelters as enrichment should be done with caution. 
Enrichment for African catfish, or fish in general, should primarily focus 
on natural needs of a species, as deduced from its ecology 258. Therefore, 
shelters or other enrichments might still be beneficial to African catfish to 
decrease, for instance, aggression. Future experiments should look at which 
kinds of shelter are effective for this catfish-species.
Stocking density
The levels of aggression in African catfish are affected by stocking densities. 
Even though low density (365 fish/m3; fish weight range 50 - 160 g) did not 
increase aggression during the husbandry period, it stimulated stressor-
induced aggression (chapter 2). Higher stressor-induced aggression has 
been shown before at low (500 fish/m3) and high (2375 fish/m3; fish weight 
range 10 - 100 g) stocking densities 27. High density in our study (1186 fish/
m3) corresponds best with the intermediate density (1125 fish/m3) of Van 
de Nieuwegiessen 27. At this density, apart from the low number of lesions 
during husbandry, both studies showed little stressor-induced aggression.  
Ammonia
Allostatic state and allostatic load were studied in combination with poor 
water quality of which the results are presented in chapter 3. The effects 
of chronic stressors, a high ammonia and high copper concentration in the 
water, on growth, stress physiology and recovery from air-exposure were 
analysed. The introduction of copper into the husbandry system occured 
accidently, therefore no copper-exposed control group was included in this 
study. In our study, long-term exposure to high ammonia decreased specific 
growth rate, resulted in a less efficient feed conversion ratio and higher 
plasma osmolality. Similar effects of ammonia have been shown in many 
other fish-species 38,259,260. 
Persistent high ammonia levels can be a very strong challenge to fish 38. 
However, it should be noted that also daily changes in ammonia levels may 
be challenging for fish to cope with. The equilibrium between ammonia and 
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ammonium depends on the pH, ionic strength and temperature of the water 
261. Fluctuations in pH and ionic strength during the day, by fish excrements, 
excretion of nitrogenous waste or feeding events and spilled feed for example, 
may result in oscillating ammonia levels which might be as challenging for 
fish as a constant high ammonia concentration. Even though, analyses of two 
Dutch African catfish farms 21 showed that ammonia concentrations did not 
exceed the upper threshold of 24 μM ammonia, the threshold recommended 
by Schram and colleagues 38, Abbink and colleagues 21 reported that ammonia 
levels in the water of catfish farms may vary throughout the day. In suboptimal 
RAS, variation in ammonia levels can potentially transgress this threshold 
concentration 38 thereby repeatedly challenging fish. 
It is not only the presence of ammonia in the water that can activate 
the stress-axis in fish. It is known that the presence of copper, which at 
micromolar concentrations is highly toxic for many species, leads to hyper-
cortisolinaemia in fish 147. We also observed this in our study (chapter 3). 
The lack of mortality in the ammonia and copper exposed group shows that 
African catfish are very robust fish. Many fish-species, e.g. rainbow trout, 
brown bullhead and tilapia, show clear effects at this concentration (2.05 
μM) and duration (24 days) of copper exposure at the level of the gill and 
liver, as well as immunological and haematological changes, and the fish 
may even die 147. That the combination of ammonia and copper represented 
an intense challenge in these fish was reflected by the increase in plasma 
osmolality, the attenuation of the HPI-axis response during air-exposure and 
the absence of aggression after air-exposure. 
The relatively small activation of the HPI-axis during air-exposure 
observed in chapter 3, i.e. a mild stress response, suggested exhaustion of 
the interrenal cell compartment. During recovery cortisol levels seemed to 
decrease below baseline. The output of the interrenal before air-exposure 
may already have been near its maximum capacity, hence the relatively small 
response during air-exposure and the rapid decrease below baseline after 
air-exposure. Dampening of the stress response can also be an indication of 
chronic stress in fish 74. 
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Transport
Stress
Fish are often transported several times during the culture process; either 
between companies or within a company (see Figure 1.2, Introduction). 
Transport occurs by truck 262,263, boat 263,264 or by aircraft 265 and within the 
farm by, e.g. forklift. The effects of transport have been studied in many 
fish-species including salmon, trout, carp, zebrafish, seabass, silver catfish 
162,266-271. Transport can result in disorientation, changes in plasma osmolality 
272,273 and increased disease susceptibility 272. Loading and unloading are in 
general stressful, but for instance transport of marktetable Atlantic salmon 
by well-boat has been shown not to be stressful, as the fish seemed to recover 
in the well-boat 162. Thus, the way of transporting fish may have an effect on 
the total stress-load of transport.
Transport of African catfish, European eel and yellowtail kingfish, three 
cultured fish-species in The Netherlands, had not been studied previously. 
Hence, the impact of a commercial road transport on the stress physiology 
of African catfish (chapter 4) and European eel (chapter 5) was studied. 
Yellowtail kingfish (chapter 6) were transported either with a low dose of 
anaesthetic or with Pro-Tex®, a heat-shock protein inducing agent. Both 
African catfish and eel were transported by a hauler. While catfish returned 
to the fish farm, eels returned to the laboratory facilities. In both cases the 
allostatic load of transport was analysed. As expected, a combination of 
pre-transport fasting and handling induced a stress response and increased 
plasma cortisol levels. Plasma cortisol levels in not-transported catfish 
(fasted, handled and sorted only) returned to basal within 6 hours after 
handling, whereas it took 48 hours for transported fish. 
Impact of transport: catfish, eel and yellowtail kingfish
A review, produced by the EFSA, on transport of animals, including fish, 
scored the impact of various hazardous components during transport, based 
on the severity of the hazardous component and the duration of the effects 
resulting from the hazard 160. These are elements of risk assessment as will 
be explained further below. Dalla Villa and colleagues specified multiple 
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indicators to score the severity of a hazardous component, and scored the 
duration of the indicator on a scale from 1 (effects last between 0 and 3 
hours) to 5 (effects last more than 72 hours; Table 8.1). We mainly studied 
physiological effects of transport, as severity indicators, and assessed the 
duration of these effects. 
The impact of transport on cortisol levels in African catfish is scored 
as 4 out of 5 (the effects of transport last between 24 and 72 hours), i.e. 
transport may be considered a strong stressor for catfish. Fasting, handling 
and transferring the fish resulted already in increased aggression as more 
lesions were observed on handled, not-transported, fish. Transport itself 
did not result in additional aggression since both transported and not-
transported fish had similar numbers of skin lesions. In contrast to African 
catfish, plasma cortisol levels of European eel returned to baseline within 
6 hours after transport (chapter 5). However, transport increased energy 
metabolism, which was still different 72 hours after transport in the non-fed 
fish. The effects of transport on metabolism were detectable for more than 72 
hours post-transport which scored a 5 for the increased energy metabolism 
in eel on a scale of 1 to 5 by Dalla Villa and colleagues 160. Allthough recovery 
from transport was not assessed for yellowtail kingfish (chapter 6), failure 
to maintain plasma osmolality during/directly after transport indicates that 
transport even in combination with AQUI-S® (a sedative), is a strong stressor 
for this species 272. Normally, plasma osmolality is strictly maintained 74 and 
it is presumed that dysregulation indicates severe stress in fish 272,273 and 
mortality during or after transport is often caused by severe ion disbalance 
160. Thus, the disregulation of plasma osmolality during/after transport 
indicates that these fish were severely stressed and not functioning normally.
Table 8.1: Scoring-table for the duration of a specific characterised hazard according to 
Dalla Villa and colleagues 160.
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Risk-assessment
For objective evaluation of the risks of animal transport a risk assessment 
is usefull. A risk assessment procedure is a systematic, science-based process 
to estimate the likelihood and severity of hazard impact and includes four 
essential steps: (1) hazard identification, (2) hazard characterisation, (3) 
exposure assessment, and (4) risk characterisation 274. 
In our studies, we focused on a part of the hazard characterisation, i.e. the 
time needed for blood parameters to return to basal levels. This phase scores 
two aspects per identified hazard, viz. the magnitude of the effects caused by 
the hazard, i.e. severity scores, and the duration of these effects, i.e. duration 
scores. According to Dalla Villa and colleagues 160, the severity scores include 
physiological and behavioural responses of the animal, like ‘changes from 
normality indicative of pain, malaise, frustration, fear or anxiety or changes 
in adrenal or behavioural reactions’. We characterised the entire transport 
process as one hazard and scored the duration of the adverse effects (time 
needed for blood parameters to return to basal levels), caused by transport, 
with use of the scale of Dalla Villa and colleagues 160. In most studies towards 
fish transport mainly physiological responses are analysed and very little 
behavioural reactions, i.e. from these physiological responses interrenal 
ouput is the only severity score mentioned in the list above. The duration of 
adverse effects is ranked from 1 to 5, with 1 representing short duration and 
5 that the effects last for more than 72 hours (Table 8.1). 
Comparison of several studies on transport of fish, including our own 
studies 80,82,184,275-284, using the scoring system, with only duration of the 
interrenal response as basis (Table 8.1), shows that on average changes in 
interrenal responses can be seen until 8 hours post-transport (Table 8.2; 
score 2.9 ± 1.44; effects last between 3 and 8 hours) but that changes are also 
not uncommon to last for more than 24 hours. 
As indicated these scores are based solely on interrenal secretion, i.e. 
plasma cortisol concentrations and since cortisol is a main regulator/mediator 
of allostasis, the duration of many other secondary stress responses, e.g. 
changes in metabolism, ion balance, may last longer. As signs of transport 
stress in fish may become, or remain, manifest even days after transport 
285, using only plasma cortisol as readout may not fully reflect the impact of 
transport. Therefore, including multiple stress physiological parameters, and 
not solely the output of the interrenals (see above for the eel and yellowtail 
kingfish), while scoring the duration of the adverse effects from transport 
may better reflect the full impact of transport for fish. 
165
                 Chapter 8
T
a
bl
e 
8
.2
: 
D
ur
at
io
n 
of
 a
dv
er
se
 e
ff
ec
ts
 f
or
 a
 s
el
ec
ti
on
 o
f 
st
ud
ie
s 
to
w
ar
ds
 t
ra
ns
po
rt
 o
f 
fis
h.
 S
co
ri
ng
 w
as
 d
on
e 
ac
co
rd
in
g 
to
 t
he
 t
ab
le
 
of
 D
al
la
 V
ill
a 
an
d 
co
lle
ag
ue
s 
16
0  
an
d 
ba
se
d 
on
 d
ur
at
io
n 
of
 i
nt
er
re
na
l 
re
sp
on
se
 (
co
rt
is
ol
) 
an
d 
du
ra
ti
on
 o
f 
ph
ys
io
lo
gi
ca
l 
re
sp
on
se
s,
 
e.
g.
 c
ha
ng
es
 i
n 
in
te
rr
en
al
 o
ut
pu
t, 
en
er
gy
 m
et
ab
ol
is
m
 o
r 
io
n 
ba
la
nc
e.
 I
n 
ca
se
 o
f 
ph
ys
io
lo
gy
, 
sc
or
es
 w
er
e 
al
lo
ca
te
d 
on
 t
he
 l
on
ge
st
 
la
st
in
g 
ad
ve
rs
e 
ef
fe
ct
, 
i.e
. 
ei
th
er
 i
nt
er
re
na
l 
re
sp
on
se
, 
ch
an
ge
s 
in
 e
ne
rg
y 
m
et
ab
ol
is
m
 o
r 
di
sr
up
ti
on
s 
in
 i
on
 r
eg
ul
at
io
n.
 T
he
 s
co
ri
ng
 
fo
r 
du
ra
ti
on
 o
f 
ad
ve
rs
e 
ef
fe
ct
s 
is
 p
ar
t 
of
 a
 h
az
ar
d 
ch
ar
ac
te
ri
sa
ti
on
 p
ro
ce
du
re
 i
n 
a 
ri
sk
 a
ss
es
sm
en
t.
 A
bb
re
vi
at
io
n:
 n
.r
.;
 n
ot
 r
ep
or
te
d.
166
Summary and general discussion
Thus, comparison of the same studies on transport, but incorporating 
parameters excluded in the previous analyses, viz. metabolism and ion 
balance, shows that transport can be generally perceived as a strong stressor 
for fish, scoring an average of 4.1 ± 0.86 (duration) on the scale of Dalla 
Villa and colleagues 160. This means that the physiological effects of transport 
are often still observed after 24 hours and are not uncommon to last for 
more than 72 hours. This shows that transport may be regarded as a strong 
stressor for fish. This indicates that there is a potential to improve welfare 
of fish during transport, by focussing on shortening the duration of the 
negative effects of transport. Especially loading and unloading procedures of 
the transport process are challenging for fish 162,262. This may originate from 
rough handling procedures. Reducing the impact of transport would benefit 
most by focussing on the loading and unloading phases in the process.
The data in the three chapters (4, 5 and 6) show that different fish-species 
do have distinct responses to comparable stressors. Since some species are 
more succeptible to stress, e.g. rainbow trout or European seabass, and 
some species are more robust, e.g. African catfish, a unique risk assessment 
should be developed for every species 274. The fact that in several of the fore-
mentioned studies fish died during transport, or due to transport-related 
stress afterwards 162,275,280, clearly indicates the need of risk assessments for 
transport of fish.   
Not only species-specific differences should be addressed. Since we 
studied the effect of transport on marketable size fish, these results might 
not directly be relevant for to young fish, for example, due to physiological 
and behavioural differences between juvenile fish and marketable size fish. 
This needs further study.
Reducing the negative effects of stress
Mitigating negative effects of stress
The fish farming process involves many potential stressors that can lead to 
poor welfare for fish or even result in mortality. Several studies have tried to 
mitigate the physiological effects of transport stress in fish and reduce mortality 
with the use of sedatives 270,277,280-282,284,286,287. Sedation of fish however, has the 
disadvantage that they may lose balance during transport and can collide 
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with the walls of the transport container. Furthermore, sedation itself and 
the recovery from sedation can evoke a stress response 288-290; recovery from 
anaesthesia or sedatives in mammals is generally considered as significant 
discomfort (3 on a scale of 5; as used by the Animal Ethics Committee of the 
Radboud University Nijmegen, pers. comm. G. Flik) and this may hold for 
all vertebrates. Moreover, sedatives or other food-grade chemicals are not 
allowed in the EU to mitigate effects of stressors in marketable fish prior to 
transport to a slaughterhouse or facilities for slaughtering 291.
Prestress upregulation of heat-shock proteins has potential to protect 
organisms against negative effects of stress without sedation 104,211,292. Hence, 
we studied the potential of Pro-Tex® (chapter 6), a heat-shock protein 
inducer (HSPi), to mitigate the negative effects of stress. By pre-activation of 
the HSP system we may decrease the allostatic load of a stressor by reducing 
or preventing cellular damage. This potential was studied in three different 
fish-species (Danio rerio, Cyprinus carpio, Seriola lalandi). Since Pro-Tex® 
upregulates heat-shock proteins to reduce negative effects of stress and does 
not sedate fish, it may have more potential to improve fish welfare than the 
use of a sedative, e.g. AQUI-S® or clove oil, which is (often) used in this 
context for sedation. 
Results obtained varied between fish-species. Pro-Tex® increased basal 
hsp70 mRNA expression in zebrafish larvae, but decreased heat-shock-
induced expression of hsp70 mRNA. In juvenile carp, Pro-Tex® increased 
basal plasma cortisol and plasma glucose levels, while it had no effect on 
the cortisol and glucose response to 1-hour net-confinement, a relatively 
mild stressor. This indicates that Pro-Tex® itself induced a small HPI-axis 
response, thereby potentially preparing the animal for subsequent challenges, 
i.e. hormesis. 
The stimulatory effect of a small pre-challenge, increasing the resilience 
towards a consecutive stressor, has been shown before 238,293-296. However, 
McClure and colleagues showed that hormesis can result in trade-offs with 
the immune system 297, thereby reducing the potential benefit by increasing 
pathogen susceptibility. Thus, persistent use of Pro-Tex® may prove 
counterproductive in the long-term due to a decrease in SGR, an increase in 
diseases or infections and/or an increase in mortality. 
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Pro-Tex®
Sung and Baruah reported a more profound effect of Pro-Tex®, or TEX-
OE®, on the enhancement of heat-shock proteins than we observed in our 
studies. However, many differences exist between our studies and those of 
Baruah and Sung, e.g. the animal model (Artemia versus zebrafish), product 
(TEX-OE® (dry) versus Pro-Tex® (liquid)) dosis, exposure time, exposure 
method and type of stressor. Therefore it is difficult to isolate one single factor, 
which is causal to the differences in HSP stimulation. For example, we used 
dilutions ranging from 1:250,000 (as advised by the manufacturer) to 1:1,000 
while Sung and Baruah used lower concentrations (dilution 1:25,000,000 212 
and 1:500,000 - 1:25,000 208). Even though there are differences in age and 
species, it may be that Pro-tex® is more effective at a lower dose in carp 212 and 
more effective at a higher dose in Artemia 208. Hormesis models, describing 
the dosis-effect relation of hormesic compounds, show that at concentrations, 
either too low or too high, the beneficial effect of the compound is reduced 
or absent, or changes into an effect unfavourable for the organism. The dosis 
range in which Pro-Tex® is effective may be small and species-specific. Thus, 
the concentrations that we used may have been bordering to the effective 
range of Pro-Tex® for that species, resulting in a reduced effect, no effect or 
unfavourable effect.
Stress and Pro-Tex®
Both Baruah 208,298 and Sung 212 showed that HSPi, protected against 
environmental challenges, by pre-upregulating HSP. Sung and colleagues 212 
showed protection to a potential lethal ammonia concentration in common 
carp. However, the protective effect of HSPi has predominantly been shown 
during strong stressors, e.g. exposure to lethal ammonia concentrations or 
salinity, exposure to pathogens or transport. Whether the protective effect is 
similar during milder (mental) stressors, like net-confinement (chapter 6), 
remains to be seen.
As discussed in chapter 6, transport can be a strong stressor for yellowtail 
kingfish. In yellowtail kingfish, Pro-Tex® reduced the physiological effects of 
transport more efficiently than AQUI-S®, the sedative in this study, thereby 
enabling transport of difficult-to-handle fish without sedation. Some of 
the effects observed in fish exposed to Pro-Tex® however still suggest that 
it could act as a mild sedative. Informal observations suggest that the fish 
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showed symptoms of mild sedation, i.e. the fish seemed disoriented and 
their responsiveness to tactile stimuli was reduced 299. Whether Pro-Tex® has 
sedative effects and whether its protective capacity originates from this light 
sedation needs further study. 
Pro-Tex®: mechanisms
TEX-OE® is a dry formula of Pro-Tex® and probably consists of the 
same effective compound, or compounds, as Pro-Tex®. The mechanism for 
induction of HSP in brine shrimp (Artemia nauplii) by the HSPi TEX-OE® 
has been clarified by Baruah and colleagues 298. They showed that reactive 
oxygen species (ROS) are generated when TEX-OE® is supplied to water and 
that these ROS are responsible for upregulating HSP production, thereby 
protecting the cell/organism from consecutive stressors 300. This might 
explain the varying results of Pro-Tex® between species in chapter 6. The 
formation of ROS is quick but ROS also have a short half-life time 301. Since 
in our studies Pro-Tex® was added either directly to the water (Cyprinus 
carpio), sprayed on the feed (Cyprinus carpio, Seriola lalandi), or dilutions 
were prepared a day in advance (Danio rerio), its effectiveness may have 
varied between experiments. 
Pro-Tex® is an extract of the fruit of the cactus Opuntia ficus indica. This 
fruit contains high concentrations of flavonoids, vitamin C and a group of 
natural antioxidants 302, and all these components have antioxidant capacities. 
These antioxidants might prevent oxidative damage in the cell, caused by 
ROS created during stress. Thereby antioxidants may reduce the impact of 
ROS on a cellular level 303. Even though antioxidants have been shown to 
inhibit HSP production, i.e. by inhibiting cellular damage, failure to launch 
a suitable HSP response stimulates apoptosis 304. Thus HSP are important 
for cell survival during periods of physiological stress. Since Pro-Tex® is 
an extract, and thus may contain many compounds, its effectiveness may 
differ between species simply by differences in the capacity/effectiveness of 
these compounds to activate the different signalling pathways or receptors 
in different species. It has been shown that proteins of the cytochrome P450 
(CYP) family can generate ROS 305. P450 cytochromes are able to convert 
xenobiotics, like those in the extract Pro-Tex®, into inert metabolites, or they 
can activate them into reactive species that initiate DNA, protein, or lipid 
damage 305. Since the effectiveness of the CYP varies between species, this 
may make effects of Pro-Tex® different between different animal- or even 
fish-species.
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Perspective
It has been shown in several experiments that HSPi can, at least for acute 
stress, improve the resilience of organisms to environmental challenges 
208,298,306. It must be mentioned that the use of HSPi is not intended to mask 
bad practices in aquaculture and usage should be limited to prevent mortality 
or severe discomfort. Heat-shock protein inducers show potential to reduce 
the impact of strong, potentially lethal stressors and could therefore be 
beneficial for easily stressed species like rainbow trout, seabass or yellowtail 
kingfish, but might be less necessary for more robust species like the African 
catfish. 
Allostatic load as indicator of fish welfare
Improving the discriminative power of the CaRe tool
The first version of the CaRe tool has an overall sensitivity of 53% and 
specificity of 93%. Thus 47% of ‘poor’ husbandry conditions were falsely 
identified as ‘good’ husbandry conditions and 7% of ‘good’ husbandry 
conditions were falsely identified as ‘poor’ husbandry conditions. Even 
though clear differences between parameters existed, in particular related to 
sensitivity, especially baseline cortisol levels and cortisol levels at time-points 
during the recovery period with values close to baseline, showed a relatively 
high sensitivity (0.60 - 0.80). We did not assess specificity and sensitivity in 
a new series of experiments but used the existing data set to determine these 
both as a first approximation of what the values would be given the current 
data and to show the underlying principles. That the specificity of the tool 
overall is high, comes to no surprise, as specificity shows how well the tool 
produces a low number of false positives among ‘good’ conditions, which was 
assessed here using the database from which the tool was initially created. 
The high values of sensitivity in this sense are more relevant, as these were 
determined with a data set, which was excluded based on criteria not related 
to the tool’s cortisol levels and hence relatively ‘new’. Clearly future studies 
are needed to assess specificity and sensitivity in a series of experiments with 
husbandry conditions, which are explicitly ‘good’ or ‘poor’.
To increase the discriminative power of the first version of the CaRe tool, 
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the next version of the CaRe tool may incorporate additional parameters 
indicative of allostatic load, such as related to energy metabolism, e.g. 
plasma glucose, adrenergic responses or behaviours indicative of stress, 
e.g. aggression. In order to identify the welfare relevant aspects of multiple 
parameters, each parameter should be weighted for its contribution to the 
overall scores of the tool, for example, such as done by Stien and colleagues 
in their model 48. This weighting may be based on data in literature to assess 
the contribution of each parameter to welfare. This literature search can be 
specific for e.g. species or age, to include small variations between species or 
differences related to age (e.g. for salmon, pre-smolt or post-smolt life stage). 
Another option to improve the discriminative power of the CaRe tool 
is to introduce a stronger stressor at the end of the husbandry period. The 
progression of the cortisol response after a stressor might reflect ‘the cost’ 
of that stressor 79 and metabolically more demanding behaviour, caused by 
the stronger stressor, will be accompanied by a stronger HPI-axis activation 
73 and therefore a prolonged recovery to baseline 82,307. We used air-exposure 
as stressor to indicate adaptive capacity, which seemed a mild stressor for 
the air-breathing African catfish. Exposing the fish to a stronger stressor at 
the end of a husbandry period might be more taxing for fish under ‘poor’ 
husbandry conditions and thereby increase the discriminative power of the 
CaRe tool.
Financial benefit of good welfare
One of the central principles of life history theory is that, since organisms 
are constrained by resource limitations, they cannot simultaneously optimize 
all aspects of fitness 308-310. Here, we show data that further supports this 
claim. Estimated recovery times (ERT) of plasma cortisol were calculated for 
all groups included in the recovery parameter of the CaRe tool in chapter 
7 (thus fish kept under ‘good’ husbandry conditions; chapter 7, Table 7.2). 
The ERT of each group was plotted on the x-axis and its corresponding FCR 
on the y-axis (Figure 8.1). The FCR value of one group was missing; therefore 
Figure 8.1 is composed of only 9 data-points. A highly significant positive 
correlation (r = 0.89; P = 0.0014) between ERT and FCR for these groups 
was found. A linear regression line was fitted on the data with a goodness of 
fit of R2 = 0.79 (P = 0.0014). This shows that animals with an increased ERT 
(decreased adaptive capacity) have a higher FCR. So, more feed is required 
for fish with a poorer adaptive capacity to reach a marketable size, i.e. poor 
welfare conditions result in a financial loss for the farmer.
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Concluding remarks and perspectives
This thesis has increased knowledge on the welfare of African catfish (Clarias 
gariepinus) with respect to aquaculture settings. Furthermore, it has addressed 
questions on aggression (focus on stress-induced aggression), improving growth 
and feed conversion (by night-feeding). Allostatic load was used to assess the 
adaptive capacity and to study the potential to increase resilience of African 
catfish towards stressors. How the circadian rhythm of the digestive system 
influences growth and FCR in African catfish remains to be resolved. 
Future studies towards fish welfare should focus on the adaptive capacity 
of the animal. Allostasis is based on the reallocation and optimal expenditure 
of energy to maintain homeostasis. All biological systems are competing for 
energy from one finite energy pool. So, genetic selection for faster growth will 
favour an organism’s energy focus towards growth, thereby draining energy 
normally reserved for other biological systems. This can eventually severely limit 
an animal’s adaptive capacity. Even though the African catfish is a robust fish-
species, this does not imply its adaptive capacity should be exploited purely for 
financial gain or for production of cheap fish proteins. The data in this thesis 
show that reduced adaptive capacity results in financial loss: therefore good 
welfare, an important aspect of sustainability, is also in the fish farmer’s best 
interest.
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Figure 8.1: Linear regression between estimated recovery time and feed conversion ratio for 
African catfish in a weight range of 35 grams to 254 grams. Linear regression line is shown 
in black (R2 = 0.79, P = 0.0014), the dotted black lines represent the 95% confidence interval.
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Algemeen
De viskweeksector groeit wereldwijd en kan zo bijdragen aan de groeiende 
vraag naar voedsel. Deze wereldwijde groei van de aquacultuur gaat gepaard 
met een toenemende aandacht voor het welzijn van vissen. Niet alleen de 
kweekomstandigheden verschillen per vissoort, maar ook per soort kunnen de 
omstandigheden per bedrijf verschillen. 
In de commerciële viskweek wijken de condities vaak af van de natuurlijke 
leefomstandigheden van vissen. Dit is soms niet te vermijden. Zo kan er worden 
afgeweken van een natuurlijk lichtregime (bijvoorbeeld, geen dag-nachtritme), 
worden vissen bij onnatuurlijke dichtheden gehouden (bijvoorbeeld, zeer hoge 
dichtheden), worden ze vaak gekweekt in kale omgevingen, of krijgen ze op 
vaste tijd elke dag hetzelfde voer. Deze monotone omstandigheden kunnen het 
aanpassingsvermogen van een vis verminderen, wat er toe kan leiden dat een 
individu niet goed met positieve gebeurtenissen of negatieve gebeurtenissen 
(aangeduid als stressoren), kan omgaan. Een dier, dat niet goed met stressoren 
kan omgaan, kan op termijn chronische stress ontwikkelen, wat leidt tot slecht 
welzijn. In dit proefschrift is welzijn beschreven in termen van allostase, dat 
wil zeggen, dynamische aanpassing aan uitdagingen in de leefomgeving. 
Weerbaarheid of veerkracht refereert naar het vermogen om zich (dynamisch) 
te kunnen aanpassen. Chronische stress of slecht welzijn is geassocieerd met 
een verminderde weerbaarheid. 
Het doel van het in dit proefschrift beschreven onderzoek was om de 
kennis over het welzijn van de Afrikaanse meerval (Clarias gariepinus) in de 
Nederlandse viskweek te vergroten om zo de balans tussen dierenwelzijn en 
productie te kunnen optimaliseren. Daarom is gekeken naar veranderingen 
in gedrag en fysiologie van de Afrikaanse meerval als gevolg van transport, 
veranderingen van dichtheden en voedingsregimes, blootstelling aan 
chronische stressoren en het aanbieden van een kortdurende acute stressor. 
Als kortdurende acute stressor werden meervallen 15 minuten met meer dieren 
tegelijk in een kuip blootgesteld aan lucht (air exposure; dieren werden uit het 
water gehaald). Aangezien de Afrikaanse meerval ook een lucht-ademhaler is, 
leidt blootstelling aan lucht niet tot een te grote belasting voor het dier. 
Door de acute stressor en verschillende huisvestingsomstandigheden 
te combineren, werd nagegaan hoe deze huisvestingsomstandigheden de 
weerbaarheid van het dier beïnvloedden om om te gaan met de acute stressor. 
Verder is getracht de belasting van stressoren te reduceren op cellulair 
niveau door het gebruik van Pro-Tex®. Tot slot, is een eerste versie van een 
welzijnsmodel gemaakt waarmee ‘goede’ en ‘slechte’ kweekomstandigheden 
geïdentificeerd kunnen worden.
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Factoren die viskweek beïnvloeden
In hoofdstuk 2 en 3 werden de effecten van dichtheid, verrijking, 
voerregime en waterkwaliteit op groei, voederconversie (een maat voor de 
efficiëntie van de omzetting van voer in gewichtstoename van het dier) en op 
zowel de basale stressfysiologie als het herstel van blootstelling aan de acute 
stressor bestudeerd. De Engelse term voor voederconversie is FCR (feed 
conversion ratio). Als de FCR waarde lager is, betekent dit dat er minder 
voer nodig is om een vooraf bepaalde gemiddelde gewichtstoename van een 
groep vissen te bereiken.
Voerregime 
De Afrikaanse meerval is een nachtdier, dat wil zeggen is actief in de 
donkere fase en rust in de licht fase. Het voeren in de donkere/actieve fase 
leidde tot een betere groei en efficiëntere omzetting van voer in visvlees 
en daarmee een lagere FCR waarde dan het voeren in de licht/rust fase. 
Gegeven het feit dat voer een van de grootste kostenposten (> 50% van 
alle kosten) is bij de opkweken van Afrikaanse meervallen, kan dit tot een 
flinke kostenbesparing leiden. Om het voor de kweker praktisch te maken, 
kan een omgekeerd dag-nacht ritme gebruikt worden. Keerzijde is wel dat 
dit mogelijk kan leiden tot meer agressie en verwondingen omdat overdag 
meer verstoringen kunnen plaatsvinden dan ’s nachts en meervallen in hun 
donkere/actieve fase gevoeliger zijn voor stressoren leidend tot agressie en 
verwondingen. 
Verrijking
De introductie van elementen in een kweeksysteem, die voldoen aan de 
biologische behoeften van het dier, is een verrijking van de omgeving van 
het dier, die het welzijn kan verbeteren. Daarom werden pvc buizen in de 
aquaria van de Afrikaanse meerval geïntroduceerd. We probeerden daarmee 
(meer) schuilplaatsen/rustplaatsen voor de vissen te creëren. Echter, het 
aanbieden van pvc buizen bij een hoge dichtheid verhoogde agressie en het 
basale niveau van stresshormonen en versterkte de stressrespons na de acute 
stressor (hoofdstuk 2). Het resulteerde ook in een trager metabolisme 
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en langzamere groei. Het is mogelijk dat de introductie van de buizen het 
territoriumgedrag van de meervallen versterkte of de beschikbare leefruimte 
verkleinde. Vervolgstudies zouden andere verrijkingen dan deze moeten 
onderzoeken. 
Dichtheid
De dichtheid in een kweeksysteem wordt vaak uitgedrukt in kilogrammen 
per watervolume of per vierkante meter oppervlak van de bodem van de 
tank. Maar er is sprake van een interactie tussen tal van factoren, zoals 
grootte en vorm van de tank, waterkwaliteit, de wijze waarop het jonge 
dier vanaf larvestadium is gehouden, et cetera, waardoor het opstellen van 
grenswaarden niet eenvoudig is. Daarom is een limitering van de dichtheid 
niet altijd een garantie voor een verbetering van het welzijn.  
Van de Afrikaanse meerval is bekend dat de dichtheid van invloed kan 
zijn op agressie tussen de dieren. Hoewel lage en hoge visdichtheden in 
onze studies niet resulteerde in een verhoging van de agressie tijdens de 
houderijperiode ((hoofdstuk 2), heeft het in andere studies wel geleid 
tot een verhoging van de agressie. In feite werden verhogingen van stress-
geïnduceerde agressie gezien bij zowel lage dichtheden als hoge dichtheden, 
maar niet bij tussenliggende dichtheden. De hoge dichtheid in onze studie 
correspondeerde met een dichtheid die tussen de hoogste dichtheid en de 
laagste dichtheid lag in deze eerdere studies. 
Ammonia
In hoofdstuk 3 werd de Afrikaanse meerval blootgesteld aan de acute 
stressor in combinatie met een slechte waterkwaliteit. De effecten van 
chronische stressoren, zoals een hoog ammoniakgehalte en een onbedoeld 
hoog koper gehalte (als gevolg van een calamiteit) in het water, op groei, de 
stressfysiologie en op het herstel na de acute stressor werden geanalyseerd. 
Langdurige blootstelling aan een hoge ammoniak concentratie in combinatie 
met een hoge koper concentratie resulteerde in een verminderde groei, 
zorgde voor een slechtere omzetting van voer in biomassa (dus een hogere 
FCR) en verhoogde de concentratie van ionen in het bloed. Deze data zijn 
vergelijkbaar met data van andere studies met ammonia in meervallen. De 
data suggereerden ook dat koper het effect van ammonia versterkte. Net 
zoals in andere studies, leidde de aanwezigheid van koper in het water, wat 
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bij micromolaire concentraties al zeer toxisch is voor veel vissoorten, tot een 
hoge concentratie cortisol in het bloed van meervallen (hoofdstuk 3). 
De belasting van een combinatie van ammoniak en koper leidde tot een 
lagere stressrespons en minder agressie na de acute stressor dan normaal. 
Tijdens de herstelperiode leken plasma cortisol niveaus te dalen onder het 
basale niveau. Dit wijst erop dat de weerbaarheid van het dier onder de 
huisvestingsomstandigheden was aangetast; mogelijk waren de dieren niet 
in staat om adequaat te reageren op een acute stressor door overbelasting in 
de huisvestingsomstandigheden.
Het feit dat er geen mortaliteit was onder de aan ammoniak en koper 
blootgestelde meervallen suggereert dat de Afrikaanse meerval een robuuste 
vis is voor dit soort belasting. Andere vissoorten, zoals de regenboog forel en 
tilapia, laten duidelijke gevolgen zien van blootstelling aan een vergelijkbare 
koper concentratie en blootstellingstijd, zoals effecten op kieuwen en lever, 
immuun systeem en haematologie, leidend zelfs tot sterfte. Of dit te maken 
heeft met de extreme variatie in natuurlijke condities waaronder Afrikaanse 
meervallen leven, verdient nadere aandacht.
Effecten van transport op marktwaardige 
Afrikaanse meerval, paling en ‘yellowtail 
kingfish’
Vissen worden tijdens het kweekproces getransporteerd, zoals tussen 
bedrijven of binnen een bedrijf. Transport gebeurt door vrachtwagens, boten, 
helikopters of vliegtuigen; binnen een bedrijf vaak door een vorkheftruck. 
Transport kan resulteren in desoriëntatie van de vissen, veranderingen in de 
ionenbalans van het bloed en verhoogde vatbaarheid voor ziektes. Laden en 
lossen van vissen is in het algemeen een stressvol proces voor vissen, maar 
studies hebben laten zien dat de methode van transport ook een effect heeft 
op de totale belasting van het transport proces. 
De effecten van transport zijn onder meer bestudeerd in de Atlantische 
zalm, regenboog forel, karper, zebravis, zeebaars en zilvermeerval. Het 
effect van transport op de Afrikaanse meerval (hoofdstuk 4) werd hier 
onderzocht naast het transport van de Europese paling (hoofdstuk 5) en 
‘yellowtail kingfish’ (hoofdstuk 6); andere vissoorten, die gekweekt worden 
in Nederland. 
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Bij de Afrikaanse meerval duurde het tot 48 uur voordat het stresshormoon 
cortisol terugkeerde tot basiswaarden na een 3 uur durend transport, terwijl 
dit tot 6 uur duurde in een controle situatie. De hersteltijd na afloop van 
het transport wordt beoordeeld met een 4 op de 5-punts schaal van Dalla 
Villa en collega’s (score 4: de effecten van transport zijn nog te meten tussen 
de 24 en 72 uur na transport). De hersteltijd is een deel van het praktische 
risicobeoordelingssysteem van Dalla Villa en collega’s. Binnen het bestek 
van dit onderzoek beperkten we ons tot de duur van de herstelperiode. 
Onze bevinding suggereert dat transport als een sterke stressor kan worden 
beschouwd voor de Afrikaanse meerval. Het vasten, hanteren en overzetten 
van de meervallen voorafgaand aan het transport, zorgde voor meer 
agressie, want er werden meer bijtwonden geobserveerd op de gehanteerde, 
maar nog niet-getransporteerde dieren, dan op de niet-gehanteerde, niet-
getransporteerde meervallen. Het transporteren zelf had geen additioneel 
effect op agressie, want zowel de getransporteerde als de niet-getransporteerde 
dieren hadden een vergelijkbare hoeveelheid bijtwonden. 
In vergelijking met de Afrikaanse meerval was de stresshormoon 
concentratie van Europese palingen binnen 6 uur na transport terug op 
basaal niveau (hoofdstuk 5). Echter, transport verhoogde het energie 
metabolisme van palingen, Deze verhoging werd 72 uur na transport nog 
steeds gemeten. Dit scoort hiermee een 5 op de 5-punts schaal van Dalla Villa 
en collega’s (score 5: de effecten van transport zijn nog te meten 72 uur of 
meer na transport). Net als voor de Afrikaanse meerval is er geen sprake van 
een volledig uitgevoerde risicobeoordeling, zoals Dalla Villa en collega’s die 
hebben uitgevoerd.
Waterkwaliteit als gevolg van transport was zowel bij de Afrikaanse 
meerval als de paling niet aangetast. Bovendien werd er geen mortaliteit als 
gevolg van transport waargenomen.
De ‘yellowtail kingfish’ werd onder laboratorium condities in kleine 
hoeveelheden getransporteerd. Er waren twee groepen: bij de ene groep 
was er een lage dosis verdovingsmiddel (AQUI-S®) in het transportwater 
aanwezig, zodat de vissen rustiger waren, maar wel bij bewustzijn; bij de 
andere groep hadden de dieren in een voorgaand maal voer gekregen verrijkt 
met Pro-Tex®. Na 24 uur voer onthouding werden de dieren vervoerd in 
water waaraan ofwel een verdovingsmiddel ofwel Pro-Tex® was toegevoegd. 
Pro-Tex® biedt een zekere mate van bescherming tegen stress door een 
verhoogde aanmaak van een ‘heat-shock protein’ (HSP).
Hoewel herstel van transport niet is bestudeerd in de ‘yellowtail kingfish’ 
(hoofdstuk 6), laten bijvoorbeeld de veranderingen in ion concentraties in 
het bloed direct na transport zien dat transport een sterke stressor kan zijn 
voor deze soort. De effecten van Pro-Tex® worden hieronder besproken.
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De data in hoofdstukken 4, 5 en 6 laten zien dat vissoorten 
onderscheidend reageren op vergelijkbare stressoren. Aangezien vissoorten, 
zoals regenboog forelenf zeebaars minder goed bestand zijn tegen stress, 
terwijl andere soorten robuuster zijn, zoals de Afrikaanse meerval, zou 
een specifieke risicobeoordeling moeten worden uitgevoerd voor transport 
van elke vissoort. Het feit dat transport vissen flink kan belasten, geeft aan 
dat een dergelijke praktische risicobeoordeling nuttig kan zijn. Niet alleen 
soortspecifieke verschillen zouden moeten worden onderzocht. Doordat wij 
de effecten van transport op marktwaardige vissen hebben bestudeerd en 
niet op bijvoorbeeld jonge vissen, kunnen de resultaten van de volwassen 
dieren niet direct geëxtrapoleerd worden naar jonge dieren, doordat er 
bijvoorbeeld fysiologische verschillen en verschillen in gedrag kunnen zijn 
tussen marktwaardige en jonge vissen. Dit vergt nader onderzoek. 
Het reduceren van de negatieve effecten van 
stress
Pro-Tex® en Aqui-S®
Het viskweekproces omvat veel potentiële stressoren die kunnen leiden 
tot een verminderd welzijn of zelfs tot mortaliteit. In verschillende studies 
is geprobeerd de negatieve fysiologische effecten van transportstress te 
reduceren en mortaliteit terug te dringen met het gebruik van sedatieven. 
Sedatie van vissen heeft als nadeel dat dieren hun balans kunnen verliezen 
tijdens transport en daardoor onbedoeld in contact kunnen komen met 
de wanden van de transportcontainer en daardoor worden beschadigd. 
Verder kan sedatie een stressrespons opwekken; ontwaken uit anesthesie of 
verdoving in zoogdieren wordt gewoonlijk beschouwd als significant ongerief 
en dit kan gelden voor alle gewervelden. Bovendien is in de EU het gebruik 
van sedatieven en andere voor voeding gecertificeerde chemicaliën niet 
toegestaan bij vissen bestemd voor consumptie. 
Pre-stress stimulatie van ‘heat-shock proteins’ heeft de potentie om 
organismen te beschermen tegen negatieve effecten van stress zonder dieren 
te verdoven. Daarom bestudeerden we de potentie van Pro-Tex® (hoofdstuk 
6), een ‘heat-shock protein’ opwekkend middel (HSPi), om de negatieve 
effecten van stress te reduceren. Het voortijdig activeren van het ‘heat-
shock protein’ systeem kan de belasting van een stressor reduceren, omdat 
cellulaire schade wordt voorkomen. Dit potentieel werd bestudeerd in drie 
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verschillende vissoorten: zebravis, Danio rerio; karper, Cyprinus carpio en 
‘yellowtail kingfish’, Seriola lalandi. Doordat Pro-Tex® heat-shock eiwitten 
opwekt om de negatieve effecten van stress te reduceren en het vissen niet 
verdoofd, heeft het meer potentie om het welzijn van vissen te verbeteren 
dan het gebruik van anaesthetica, zoals AQUI-S®, om vissen te sederen 
voorafgaand aan transport, omdat dit tot schade aan de dieren kan leiden. 
De resultaten verkregen in de studies varieerden per vissoort. Pro-Tex® 
verhoogde de basale hsp70 mRNA expressie in 5 dagen oude zebravis larven, 
maar verminderde ‘heat-shock’ geïnduceerde expressie van hsp70 mRNA. 
In jonge karpers verhoogde Pro-Tex® het basale niveau van stresshormonen 
en van glucose in het bloed, terwijl het geen effect had op de respons van 
stresshormonen en glucose na te zijn blootgesteld aan een milde stressor. Dit 
laat zien dat Pro-Tex® zelf een kleine respons van de stress-as induceerde en 
daardoor het dier potentieel voorbereid op toekomstige stressoren, dat wil 
zeggen, hormesis. Een lichte stressor voorafgaand aan een sterkere stressor 
kan een stimulerend effect hebben en daardoor de weerbaarheid tegen een 
sterkere stressor verbeteren. Maar studies hebben laten zien dat hormesis 
kan resulteren in een compromis/competitie met het immuunsysteem en 
dat daardoor het voordelige effect teniet gedaan kan worden doordat de 
vatbaarheid voor pathogenen vergroot is. Dus lange termijn gebruik van Pro-
Tex® kan contraproductief werken en lange termijn gebruik kan resulteren in 
gereduceerde groei, een grotere kans op ziektes of infecties en een verhoging 
van de mortaliteit. Bovendien is het niet wenselijk om suboptimale condities 
te maskeren door gebruik van Pro-Tex® of andere middelen. 
Stress en Pro-Tex® 
Verschillende studies hebben laten zien dat Pro-Tex® een beschermend 
effect heeft op stress. Maar dit beschermende effect is voornamelijk 
aangetoond in combinatie met sterke stressoren, zoals blootstelling aan 
letale concentraties van ammoniak of zout, pathogenen en transport. Of Pro-
Tex® ook beschermt tijdens mildere (mentale) stressoren, zoals ‘vangen en 
opsluiten in een visnet onder laboratorium omstandigheden’ (hoofdstuk 
6), moet nog worden aangetoond. 
Zoals in hoofdstuk 6 is bediscussieerd, is transport een sterke stressor 
voor ‘yellowtail kingfish’. In ‘yellowtail kingfish’ verminderde Pro-Tex® de 
fysiologische effecten van transport efficiënter dan AQUI-S®, het gebruikte 
verdovingsmiddel in die studie voor sedatie, en zorgde het ervoor dat het 
transport van een moeilijk te hanteren vis mogelijk werd zonder gebruik van 
sedatieven. 
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Perspectief
Uit verschillende experimenten is gebleken dat HSPi, zoals Pro-Tex®, 
tenminste wanneer het acute stress betreft, de weerstand van organismen 
tegen stressoren kan verbeteren. Het moet worden opgemerkt dat het gebruik 
van Pro-Tex® niet bedoeld is om slechte productieomstandigheden in de 
aquacultuur te maskeren. Heat-shock protein inducerende middelen hebben 
de potentie om de belasting van sterke, letale stressoren te verminderen en 
kunnen daarom vooral voordelig zijn voor makkelijk gestreste soorten, zoals 
regenboog forel, zeebaars en ‘yellowtail kingfish’, maar lijken niet nodig te 
zijn voor meer robuuste vissoorten, zoals de Afrikaanse meerval. 
Weerbaarheid als indicator voor welzijn van 
vissen 
Een tool om weerbaarheid te meten 
Om te bepalen of de vissen onder, voor het dier, optimale dan wel 
suboptimale omstandigheden gekweekt worden is een methode opgezet, 
waarmee kweekomstandigheden kunnen worden onderscheiden op basis van 
het herstelvermogen van de vissen. Het herstelvermogen na een acute stressor 
is een maat voor de weerbaarheid. Daarom is gebruik gemaakt van de data 
over de duur van het herstel bij Afrikaanse meerval na de blootstelling aan 
de gestandaardiseerde kortdurende air-exposure stressor onder “optimale” 
kweekomstandigheden. De bijbehorende benadering is de Catfish Recovery 
tool genoemd oftewel CaRe (hoofdstuk 7). 
In eerste instantie hebben we ons beperkt tot de cortisol waarden in 
relatie tot de acute stressor: baseline voorafgaand aan de acute stressor, 
piek-waarde direct na de acute stressor en herstel-duur na de acute 
stressor (tijd tot terugkeer naar baseline). De sensitiviteit en specificiteit 
van deze methode werden gekwantificeerd, hetgeen informatie verschaft 
over respectievelijk het percentage fout-negatieve (onterecht missen van 
‘slechte’ condities) en fout-positieve (onterecht benoemen van condities 
als ‘slecht’) waarnemingen. Afhankelijk van de parameter waarna gekeken 
werd, varieerden sensitiviteit en specificiteit. De baseline gaf voorlopig de 
‘sterkste’ uitkomst met een sensitiviteit van 73%, wat betekent dat 27% 
van ‘slechte’ condities onterecht werd gemist, en specificiteit van 100%, 
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wat betekent dat 0% onterecht werd benoemd als ‘slecht’. Wanneer de drie 
parameters tezamen worden genomen, heeft de eerste versie van CaRe 
gemiddeld genomen een relatief lage sensitiviteit (47% van (veronderstelde) 
suboptimale kweekomstandigheden werden door CaRe foutief geïdentificeerd 
als een optimale kweekomstandigheid) maar wel een hoge specificiteit (7% 
van de optimale kweekomstandigheden werden foutief geïdentificeerd als 
suboptimale kweekomstandigheden). Het testen van de sensitiviteit en 
specificiteit is hier gedaan met de data waaruit CaRe initieel is gecreëerd, wat 
een relatief beperkte waarde heeft. Het is duidelijk dat nieuwe studies nodig 
zijn om de sensitiviteit en specificiteit van CaRe beter te kunnen staven. 
Daarvoor zijn experimenten nodig die kweekomstandigheden nabootsen die 
expliciet en duidelijk ‘slecht’ of ‘goed’ zijn. 
Om het onderscheidend vermogen ten opzichte van deze eerste versie 
van CaRe verder te verbeteren, zouden ook meer parameters die indicatief 
zijn voor de weerbaarheid van het dier opgenomen kunnen worden, zoals 
parameters gerelateerd aan energie metabolisme, bijvoorbeeld plasma 
glucose, de adrenerge respons en gedrag indicatief voor stress, zoals agressie. 
Om de individuele bijdrage van meer parameters te identificeren zouden 
weegfactoren kunnen worden toegekend aan elke parameter. De waarde van 
een weegfactor kan worden gebaseerd op de hoeveelheid data in de literatuur 
en de bijdrage van elke parameter als welzijnsindicator. 
Een andere mogelijkheid om het discriminerend vermogen van CaRe 
te vergroten is door de vissen bloot te stellen aan een sterkere stressor aan 
het einde van de kweekperiode. Het verloop van de stressrespons na de 
blootstelling aan een stressor, kan de belasting van die stressor weergeven. Een 
sterkere stressor zal gepaard gaan met een sterkere activering van de stress-
as, waardoor het langer zal duren voordat deze terug is op basaal. Wij hebben 
blootstelling aan lucht gebruikt als stressor om het aanpassingsvermogen in 
kaart te brengen. Dit is een relatief milde stressor voor de Afrikaanse meerval 
omdat deze in de lucht kan ademhalen. Het blootstellen aan een sterkere 
stressor aan het einde van de kweekperiode kan een grotere belasting zijn 
voor vissen onder suboptimale kweekcondities. Dat zou het onderscheidend 
vermogen van CaRe kunnen vergroten. 
Welzijn en bedrijfsvoering
Een van de centrale principes van de ‘life history theory’ is dat, organismen 
niet alle voor het functioneren belangrijke processen tegelijkertijd kunnen 
optimaliseren, omdat ze met een beperkte voorraad aan energie, afkomstig 
uit het voer, te maken hebben. In dit proefschrift laten we data zien die dit 
206
Samenvatting
ondersteunen. De hersteltijd voor de acute stressor (ERT) werd berekend 
voor alle groepen opgenomen in CaRe in hoofdstuk 7 (dit zijn vissen 
gehouden onder ‘optimale’ kweekomstandigheden). Er werd een significante 
correlatie gevonden tussen ERT en de omzetting van voer in biomassa (FCR). 
Dit suggereert dat Afrikaanse meervallen met een hogere ERT (indicatief 
voor een verminderde weerbaarheid) een hogere FCR (indicatief voor een 
slechtere voederconversie) hebben. Dit houdt in dat er meer voer nodig is om 
voor vissen met een minder goede weerbaarheid om hetzelfde slachtgewicht 
te bereiken als bij vissen met een goede weerbaarheid. Deze resultaten laten 
zien dat een optimaal welzijn kan resulteren in een financieel voordeel voor 
de kweker, vergeleken met suboptimale omstandigheden. Onze resultaten 
komen overeen met bevindingen van een Europees onderzoeksproject 
Benefish. In dat laatste project hebben onderzoekers en bedrijven laten 
zien dat monitoren van het welzijn tijdens de kweek, met behulp van 
welzijnsindicatoren, kan leiden tot een lagere kostprijs.
Perspectief
Verdere studies naar het welzijn van vissen zouden zich moeten 
concentreren op het adaptieve vermogen van het dier. De fitheid van een 
dier is gebaseerd op de herverdeling en optimale uitgifte van energie om 
dynamisch homeostase te kunnen handhaven. De biologische systemen 
competeren voor energie uit een eindige, beperkte, energie voorraad. Dus, 
bijvoorbeeld bij genetische selectie op snellere groei zal een organisme zijn 
energie focussen op groei, wat ten koste zal gaan van de energie voor andere 
systemen. Dit kan uiteindelijk een dier zijn aanpassingsvermogen reduceren. 
De data in deze dissertatie laten zien dat een gereduceerde adaptieve capaciteit 
financiële gevolgen kan hebben. Daarom is goed welzijn, wat een belangrijk 
onderdeel van duurzaamheid is, ook van belang voor de bedrijfsvoering op 
een kwekerij.
     

“Do you think I’ve gone ‘round the bend?” 
“I’m afraid so... you’re mad. Bonkers. Off your head... but I’ll tell you a 
secret... all of the best people are.” 
      - Alice in wonderland 
Dankwoord (Acknowledgements)
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‘Een vis bestaat uit een kop, een borststuk en een staart.’ Dat was de 
openingszin van mijn spreekbeurt over vissen in groep 6, en zie waar een 
hobby toe kan leiden. In retrospect, zijn vissen een rode draad in mijn leven 
geweest. Dankzij de vis ben ik op mooie plaatsen geweest, heb ik grootse 
avonturen beleefd, vele interessante mensen ontmoet en goede vrienden 
gemaakt. Ik heb er zelfs een carrière aan overgehouden. 
Gert, ik wil je graag bedanken voor de unieke kans die je me hebt gegeven 
om van mijn hobby mijn werk te maken en ik heb genoten van alle kennis 
die je me over de vis heb verschaft. Ik ben dankbaar voor de inzet die je als 
promotor voor mijn project heb getoond, wat zich weerspiegelt in de kwaliteit 
van dit proefschrift. Ik denk dat je een geweldige afdeling hebt, die ook buiten 
het werk om veel dingen samen doet. Tijdens de weekendjes weg met het lab 
was ik altijd onder de indruk van je kennis van koken en de gerechten die je op 
tafel zette. Zelfs met beperkte middelen maakte je er altijd een culinair feest 
van. Tijdens dergelijke aangelegenheden was je ook gewoon een van ‘ons’ en 
ging je volop mee in de feestvreugde. Ik hoop dat ik ook in de toekomst nog 
een beroep kan doen op een of meerdere van je vaardigheden. 
Dan een woord gericht aan mijn twee copromotoren. Hans, met een 
achternaam als Van de Vis scoor je bij mij natuurlijk meteen punten. Het is 
niet alleen bij een eerste indruk van je familienaam gebleven. We hebben door 
de jaren heen veel samengewerkt en ik ben je dankbaar voor alle hulp en de 
goede begeleiding die je me tijdens mijn promotietraject hebt gegeven. Niet 
alleen op het wetenschappelijke vlak, maar ook daar naast. Ik ben bang dat 
je daardoor nu wel op zoek moet naar een nieuwe hobby. Wees niet ongerust, 
ik zal ook in de toekomst altijd tijd vrijmaken zodat je even iets kunt zeggen.
En dan mijn andere copromotor. Ruud, ik waardeer de enorme 
hoeveelheid tijd die jij in dit project hebt gestoken, vooral nadat je je bij 
onze afdeling hebt gevoegd. De manuscripten die ik je opstuurde voorzag 
je binnen een paar dagen van een ruime hoeveelheid commentaar en met 
levendige discussies liet je me steeds weer met andere ogen naar mijn 
eigen data kijken. Ik denk dat het project en vooral mijn proefschrift daar 
veel voordeel van hebben gehad. Buiten het project hebben we ook beiden 
interesse in voetbal. Ik vind het spijtig dat we nooit ergens buiten het werk 
om tegen elkaar hebben gevoetbald. Door je verhalen ben ik erg benieuwd 
naar je talenten op dat gebied. Misschien dat ik je, als het beter gaat met je 
rug, nog een keer wat trucjes kan leren.    
Ook de collega’s uit Utrecht, Bernice, Clemens, Frank en Karianne, 
wil ik graag bedanken voor hun inzet voor en betrokkenheid bij dit project. 
Ik heb vooral de discussie tussen biologen en ethici op de expertmeeting over 
vissenwelzijn erg interessant gevonden. Deze heeft mij de ogen geopend. 
Daarnaast wil ik ook onze partners uit de sector, Chris Dekkers en de 
broers Hans en Gerard van der Wijst, bedanken voor hun inzet voor en 
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bijdrage aan dit project.
Een speciaal woord van dank aan de leden van de manuscriptcommissie. 
Sjoerd, Hans en Peter, bedankt voor het kritisch lezen van dit proefschrift 
en voor de interesse die jullie in mijn werk hebben getoond.
Dan natuurlijk mijn twee paranimfen. Debbie, nadat ik met mijn 
promotieonderzoek begon, had ik al vrij snel besloten dat ik jou graag wilde 
vragen om mijn paranimf te worden. Ik was dan ook blij dat je zo enthousiast 
reageerde toen ik je vroeg. Ik heb tijdens mijn stage op jullie afdeling veel 
van je geleerd en vooral in het begin van mijn promotietraject heb ik vaak 
van jouw kennis in het lab gebruikgemaakt. Ook kon ik tijdens de pauze, 
of gewoon als ik even iets kwijt moest, altijd bij je aankloppen. Ik weet dat 
je het minder leuk vindt dat je maatjes langzaamaan verdwijnen, maar je 
zult ongetwijfeld snel nieuwe maatjes vinden en intussen houden wij gewoon 
contact.    
Remy, ik ben blij dat ik samen met jou onderzoek heb mogen doen 
naar de Afrikaanse meerval. Jouw nuchtere Twentse humor heeft me zeker 
door de afgelopen jaren geholpen. Vooral tijdens congressen was ik blij dat 
jij aan het einde van de dag altijd nog in de stemming was om een enkel 
biertje te vatten. Ook op wetenschappelijk vlak heb ik goede discussies met 
je gehad. Om 3 uur ’s nachts statistiek bediscussiëren op de kluisjes bij de 
fietsenkelder. Ook op het gebied van literatuur en computers konden we het 
altijd vinden. Ik ben blij dat je net voor mij promoveerde, zodat ik een goede 
generale heb kunnen aanschouwen. Ik wens jou en Anneke veel succes in 
Zweden en ik kom daar in de toekomst graag een keer ‘an’. Al was het maar 
omdat ik gehoord heb dat je daar fantastisch kan vissen. 
Ook wil ik Tom S. bedanken voor zijn inzet gedurende mijn promotietraject. 
Tijdens alle jaren van mijn promotie heb jij me geholpen met het plannen 
van experimenten en je ontfermd over mijn vissen. Kortgeleden het ik zelf 
mogen ervaren hoeveel tijd en moeite daarin gaan zitten. Verder moet ik nog 
wel even kwijt dat het bij de triatlon om persoonlijke tijd gaat en niet om wie 
het eerste over de finish komt. Wees gewaarschuwd, want de volgende keer 
pak ik je wel.
Mijn directe en voormalige collega’s van Organismale Dierfysiologie, 
Daisy, Edwin, Erik, Francisco, Jan, Jonathan, Maartje, Marnix, 
Peter K., Thamar, Tony, Wim A. en Yvette, hartelijk dank voor al 
jullie werk en steun tijdens mijn promotietraject. En dan mag ik natuurlijk 
Juriaan niet vergeten. Van onze gesprekken op wetenschappelijk vlak 
en op het voetbalveld werd ik altijd wijzer. Ook de vissessies aan de Waal 
heb ik erg leuk gevonden, ook al heb ik er buiten een Chinese wolhandkrab 
nooit iets noemenswaardigs gevangen. Stefan, met jou als cubical-maatje 
heb ik de afgelopen jaren veel discussies gevoerd over veel verschillende 
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onderwerpen, van wetenschap tot gamen en horrorfilms. Ik heb door jou een 
aantal nieuwe hobby’s opgepakt waaronder duiken. Ook al gaat het nu met 
jou op wetenschappelijk vlak wat moeilijker, ik ben ervan overtuigd dat jouw 
proefschrift er ook wel komt. Laat de moed niet zakken, want de aanhouder 
wint.  
Ik zou de afgelopen jaren niet zijn doorgekomen zonder de gezelligheid 
van de collega’s van andere afdelingen, Alexandra, Aron, Frouwke, 
Jeroen K., Lydia, Liesbeth, Linda, Martijn, Miyuki, Nikkie, Peter C., 
Rick, Ron, Tom G. en Koen. Ook een woord van dank aan mijn master- en 
bachelorstudenten, Wouter, Thijs, Laura, Jasper, Freek en Juliana. 
Hoewel niet al jullie data direct zichtbaar zijn in dit proefschrift, is jullie 
rol in mijn promotietraject van grote waarde geweest. Ik heb veel geleerd 
doordat ik jullie heb mogen begeleiden tijdens de verschillende projecten. 
Ook alle andere studenten die op de afdeling hebben rondgelopen of nog 
steeds aanwezig zijn: bedankt voor alle gesprekken en de gezelligheid. 
Heren van Brakkenstein 11, Micha, Koen, Paco, Juriaan, Geert, 
Wout, Barend, Wouter en Tom R., bedankt voor alle ontspanning die ik 
samen met jullie in en buiten het veld heb mogen beleven. Velen van jullie 
zijn mij voorgegaan in het promotietraject en kunnen zich daarom goed 
inleven in de frustraties die zo’n traject met zich meebrengt. Ik hoop dat ik 
nog lang met jullie mag blijven voetballen. 
Vrienden, leden en bestuursleden van Stichting de BBG, enorm bedankt 
voor de afgelopen jaren. Sten, Peer, Bjorn, Jasper, Tijn, Matthijs en 
natuurlijk het huidige bestuur, Steven en Sander, ik heb genoeg met jullie 
meegemaakt om een boek vol te schrijven. Jullie hebben mijn studie en 
promotietraject een stuk zwaarder gemaakt, maar oneindig veel interessanter. 
Ontzettend bedankt!
Rene, Chris en Dennis, jullie zijn altijd een belangrijke connectie met 
de Twentse gemeenschap geweest voor mij. Onze vriendschap gaat vele jaren 
terug: klasgenoten, Bays, TVC’28, slechte humor en natuurlijk Grolsch zijn 
maar een paar voorbeelden van de dingen die ons met elkaar verbinden. Ik 
weet dat ik de laatste jaren minder in Tubbergen kom, maar ik ben me daardoor 
wel steeds meer bewust geworden van het feit dat ik jullie vriendschap zeer 
op prijs stel. Ik heb de afleiding, gezelligheid en slappe praat die jullie boden 
zeker nodig gehad om mijn studie en promotie te volbrengen. Ik hoop dat we 
nog lang vrienden mogen blijven.
Ook wil ik alle vrienden in Nijmegen en Twente bedanken voor de 
gezelligheid door de jaren heen. Stella, bedankt dat je de cover van mijn 
proefschrift wilde ontwerpen. Hij ziet er geweldig uit. 
Dank aan de families Boerrigter en Eppink. Jullie hebben altijd 
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oprechte interesse getoond in mijn studie, werk en leven in Nijmegen. Dat 
heb ik altijd erg gewaardeerd. Anne en André, bedankt voor het corrigeren 
van mijn Nederlandse teksten. 
Henk, Ria, Marloes, Rob, Meintje en Jelke, hartelijk bedankt voor 
alle interesse van jullie kant voor mijn werk. Ook al zit ik in Nijmegen en kom 
ik niet vaak terug naar mijn andere thuis. Marloes, ik ben blij dat je mijn 
grote zus bent en ik heb de laatste jaren veel aan je gehad. Ik vind dat je met 
Meintje en Jelke twee geweldige kinderen hebt en ze zijn vaak een van de 
belangrijkste redenen waarom ik terugkeer naar Twente. Rob, bedankt voor 
de fiets die je me hebt gegeven. Daar ga ik nog jaren plezier van hebben. Ik 
ben enorm onder de indruk hoe jij je master opleiding en je werk combineert. 
Het is iets wat ontzettend veel doorzettingsvermogen vergt en ik ken maar 
weinig mensen die dat kunnen opbrengen. Ik ben trots op je en ik zal er zeker 
zijn als je dat diploma uitgereikt krijgt.
Henk en Ria oftewel pa en ma, bedankt dat jullie mij altijd gesteund 
hebben in elke beslissing die ik genomen heb in mijn leven, hoe die ook 
uitpakte. Het moet voor jullie een grote verrassing zijn geweest toen ik eerst 
naar Utrecht ging en vervolgens naar Nijmegen verhuisde. Ook zullen het 
studentenleven en mijn woonomstandigheden jullie hebben verwonderd. 
Hoewel de deadlines van het schoonmaakrooster daar niet altijd werden 
gehaald, ben ik blij dat jullie daar nooit een punt van hebben gemaakt en toch 
gewoon langskwamen of bleven logeren. Waarschijnlijk doordat jullie zagen 
dat ik me daar goed thuis voelde. Ik heb met alles wat ik in mijn leven bereikt 
heb, qua sport, studie en werk, gemerkt dat jullie me altijd honderd procent 
gesteund hebben. Volgens mij is dat een van de belangrijkste redenen dat 
ik alles heb afgemaakt waar ik aan begonnen ben. Ik wil dan ook graag dit 
dankwoord afsluiten met de zin waarmee jullie altijd afscheid nemen als ik 
weer naar Nijmegen vertrek. Aan iedereen die dit leest: bedankt voor alles en 
‘Good goan’. 
   
Jeroen
Nijmegen, 15 oktober 2015

“Wat is nou de wetenschap? Volgens de wetenschap stijgt de zeespiegel 
met 10 cm per eeuw! Ik heb het voor de aardigheid eens nagemeten. ik 
kwam op een stijging van anderhalf meter in 6 uur.”
      - Herman Finkers
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Jeroen Gerardus Johannes Boerrigter werd geboren op 29 september 
1982 in Almelo en groeide op in het noorden van Twente in het dorp 
Tubbergen. Al van jongs af aan was Jeroen gefascineerd door vissen 
en alles wat daar mee te maken heeft. Werkstukken op de basisschool 
en het voortgezet onderwijs gingen geregeld over dit onderwerp. 
Na het behalen van zijn havo diploma aan scholengemeenschap 
St. Canisius in Almelo begon hij aan de opleiding Biologie en Medisch 
Laboratoriumonderzoek aan de Saxion Hogeschool in Enschede. Hij richtte 
zich op de onderzoeksvariant van deze studie en had op twee stageplaatsen een 
aandeel in het onderzoek. Aan de Universiteit Utrecht op de afdeling Medische 
Toxicologie deed hij onderzoek naar Cytochrome P450 3A4 en de omzetting van 
testosteron. Op de afdeling Laboratorium voor Infectieziektendiagnostiek en 
Screening van het Rijksinstituut voor Volksgezondheid en Milieu bestudeerde 
hij groep-A-streptokokken en de correlatie daarvan met meningitis. 
Jeroen vervolgde zijn opleiding met de master Moleculaire 
Levenswetenschappen en de master Medische Biologie. Tijdens deze 
opleidingen breidde hij zijn theoretische kennis en praktische vaardigheden 
verder uit. Op de afdeling Moleculaire Biologie van het Nijmegen Centre 
for Molecular LifeSciences bestudeerde hij TATA-binding protein 
(TBP)-Like Factor en andere transcriptiefactoren, en op de afdeling 
Cellulaire Dierfysiologie van de Radboud Universiteit onderzocht 
hij epigenetische veranderingen in neuronen als gevolg van stress. 
Jeroen startte zijn promotieonderzoek in 2010 aan de afdeling 
Organismale Dierfysiologie van de Radboud Universiteit Nijmegen, onder 
begeleiding van zijn promotor prof. dr. G. Flik en copromotoren dr. H. van 
de Vis en dr. R. van den Bos. Tijdens zijn promotietraject deed hij onderzoek 
naar het welzijn van de Afrikaanse meerval in de aquacultuur. Het project 
werd gefinancierd door de Nederlandse organisatie voor Wetenschappelijk 
Onderzoek (NWO) en het Nederlands ministerie van Economische Zaken. 
Tijdens deze periode heeft jeroen ook een bijdrage geleverd aan de opleiding 
Biologie met het coördineren van practica voor verscheidene cursussen en 
het begeleiden van stages van bachelor- en masterstudenten. De resultaten 
die tijdens het promotietraject werden behaald, zijn gepresenteerd tijdens 
verschillende nationale en internationale congressen en symposia en 
gepubliceerd in verscheidene internationale wetenschappelijke tijdschriften.
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